
\ W.M. Van Camp * 
F.b. McVey . 
D.W. Esker 

Q \ !  

/ -  l . r4.  aeck iey  t‘ 
. I  

‘1 
I ~ ~ r i i i ~ , ;  > \  

C.K. M&h ~ ’ 

J.H. Painter 

GPO PRICE $ 

OTS PRICE(S) $ 

Hard copy (HC) \L 3. rn 
, - 75 V.S. Scognamiglio Microfiche (MF) k 

prepared for 

National Aeronautics And Space Administration 

Contract NA6 3-3562 jl 

RESEARCH 
DNVISfON 

J ‘. 
1 

-1 ‘ 
i 

L 

- -  
\ 

I \ ’  Docem ber 1964 



I , 
Y 

/ 

NOTICE I 
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work. Neither the Uni ted States, nor the Nat ional  Aeronautics 
and Space Administrat ion (NASA), nor any person act ing on be- 
hal f  of  NASA: 

A.) Makes dny warranty or' representbtion, expressed or 
implied, w i th  respect t o  the accuracy, completeness, or 
usefulness of the information contained i n  th is  report, 
or that +he use o# any information, apparatus, method, 
or process disclosed in  $his report may not infr inge 
pr ivately owned rights; or 

B.) Assumes any i iab i l i t ies  wi th  respect t o  the use of, or for 
damagds resul t ing from the use of any information, 
apparatus, method or process disclosed in this report. 

As used above, "person act ing on behalf of  NASA" includes any 
employee ar contractor of NASA, or employee of such contractor, 
to the extent that such employee or contractor prepares, d is -  
seminates, or provides access to, any information pursuant t o  
h i s  employment or contract w i t h  NASA, or his employment w i t h  
such contractor. 

! 

,Requests for copies of this reporf 
should be referred to: 

National Aeronautics and Space Administretion , 

Office of Scientific and Techaical Information 
Washington, D. C. 20546 I 

' Attent ion: AF SS-A 

c 

I 



NASA CR-54102 

McDonnell Report A984 

Final Report 

Analysis Of An 
Arc-jet Exhaust 

bY 
W.M. Van Camp 

F.D. McVey 

D.W. Esker 

R.J. Checkley 

S.E. Merrifield 

C.K. Murch 

J.H. Painter 

V.S. Scognamiglio 

prepared for 

National Aeronautics And Space Administration 

December 1964 
Contract NAS 3-3562 

Technical Managers 

NASA - lewis Research Center 

Electric Propulsion Office 

Joseph Czika 

Henry R. Hunczak 

RESEARCH DIVISION 

MCDONNELL AIRCRAFT CORPORATlON 
LAMBERT - ST LOUJS MUNlCJCAL AIRPORT. SOX S16. ST LOUJS 66 M O  



Preface 

The work described in this report was performed by McDonnell 
Aircraft Corporation under Contract NAS3-3562 for the Lewis 
Research Center of the National Aeronautics and Space Adminis- 
tration. The  contract period was J u l y  11,  1963 through J u l y  10,  1964. 
Messrs. Henry Hunczak and Joseph Czika of NASA were technical 
managers of  the program. 

The  work was accomplished in the Plasma Physics Research 
Laboratories under the direction o f  W . M .  Van  Camp. The  project 
leader was F .  D .  McVey. 

The persons responsible for the research projects included in 
this program were: 

C .  K .  Murch 
J .  H .  Painter 

Arc-je t thrus tors 

Thrust C .  K .  Murch 

Enthalpy and mass flux D .  W .  Esker  

Veloci ty  S .  E .  Merrifield 

Electron beam R .  J .  Checkley 

Langmuir probe V .  S .  Scognamiglio 

Other professional personnel who contributed to  the program were 
R .  H .  Clark, W .  G .  Duke, A .  J. Theiler, and R.A. Williamson. 

Report A984 December 1964 MCDONNELL i 



Contents 

1 . Introduction . . . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . Arc-jet thrustors . . . . . . . . . . . . . . . . . . . . .  3 

3 . Thrust 11 

4 . Stagnation enthalpy and mass flux . . . . . . . . . .  17 

5 . Photometric velocity 27 

6 . Electron beam . . . . . . . . . . . . . . . . . . . . . . .  4 1  

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . .  

7 . Langmuir probe . . . . . . . . . . . . . . . . . . . . . .  49 

8 . Conclusions . . . . . . . . . . . . . . . . . . . . . . . . .  53 

9 Appendices 55 

10 . Distribution 1 i st . . . . . . . . . . . . . . . . . . . . .  6 1  

. . . . . . . . . . . . . . . . . . . . . . . . . .  

Report A984 * December 1964 MCDONNELL 
. . .  
111 



Summary 

The purpose o f  the work reported herein was the development of techniques 
for measuring the performance characteristics and nozzle ex i t  plane plasma par-  
ameters of hydrogen arc-jet thrustors operating in the power range of 17 to  33 kw 
and vacuum exhaust conditions o f  0.40 t o  1.40 torr. 

nation enthalpy, mass f lux ,  gas velocity,  gas density,  and electron density.  The  
arc-jet performance measurements included thrust and specif ic impulse. The 
experimental diagnostic equipment used were a thrust balance, a stagnation enthal- 
p y  and mass f l ux  probe, a photometric velocity meter, an electron beam, and a Lang- 
muir probe. 

The arc-jet used in the development of  the diagnostic techniques was a 
vortex stabilized,  water-cooled unit using hydrogen as the propellant. It had a 
throat diameter o f  0.254 inches, a nozzle exi t  plane diameter o f  1.46 inches,  and 
was operated at two nominal conditions: nozzle exit  plane bulk stagnation en-  
thalpies of  45,000 and 60,000 B / l b  and corresponding spec i f ic  impulses of 840 
and 970 seconds.  

o f  0.15 and 0.25 inches were operated in the vacuum system in preparation for 
nozzle  exit  plane and performance measurements. The arc powers ranged from 
7.7 to 36.6 kw and the f low rates varied from 3.59 x t o  6.00 x lov4 lb /sec .  

The thrust and specif ic impulse characteristics of the arc-jet were obtained 
with the thrust stand over the range of power levels from 17 to 33 kw and hydro- 

0.26 to 0.40 lh and the specif ic impulse ranged from 770 t o  1000 sec .  
Stagnation enthalpy profiles at the exit plane of the arc-jet operating at bulk 

stagnation enthalpy levels  of 39,000, 45,000 and 60,000 B / lb  were obtained with 
the stagnation enthalpy probe. The profiles peaked at the jet centerline with a 
maximum value of 87,000 B / l b  measured a t  the 60,000 B / lb  operating condition. 

Qualitative mass flux profiles were obtained at the nozzle exi t  plane. How- 
euer,  integration of these profiles accounted for only 50% of the metered pro- 
pellant flow rate. It is possible that the probe lip did not properly swallow the 
nor ma 1 s hock. 

The plasma parameters to  be measured in the nozzle exit  plane were stag- 

Two radiation-cooled hydrogen arc-je t t hrus tors hav ing constrictor diameters 

gen flow rates of 2.9 to  5.4 x 10- 4 lb/sec.  The measured thrust varied from 
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SUMMARY 

The nozzle exit  plane velocity profile measurements at the nominal 45,000 B / lb  
jet enthalpy condition showed a peak Velocity of 42,000 f t / s ec  decreasing to  
22,000 f t / s e c  0.5 inches off the axis .  The results also showed a sensit ivity to the 
frequency o f  the signals being observed. 

Electron beam attenuation measurements made in varying density enuiron- 
ments of hydrogen, helium, and argon were not reproducible. Comparison o f  the 
present transmission ratios with the calculated requirements for density profiles 
in the exhaust of a hydrogen wc-jet  indicates that the present equipment is 
inadequate. 

densities of  2.6 x lo1' t o  5.8 x lo1' electrons/cm . 
Langmuir probe measurements at the nozzle exit  plane gave electron 

3 

[ t  is anticipated that perfection of these experimental and analytical tech- 
niques and their application in analyzing arc-jet performance characteristics will  
result in a better understanding of the processes occurring in arc-jets and will 
lead to designs having improved performance characteristics. 
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1 Introduction 

Considerable effort has  been spent  in recent 
years  to develop arc-jet thrustors for space  pro- 
pulsion missions such as att i tude control, station 
keeping, change of orbit, and earth-moon ferry. How- 
ever,  it i s  significant to  note tha t  this  work has  pro- 
gressed without a comprehensive knowledge and 
understanding of the fundamental processes  occur- 
ing in the device. For example, information is lack- 
ing concerning the  mechanism of energy transfer t o  
the electrodes; the  flow conditions at the nozzle 
throat due t o  non-uniformities of the arc process; 
the freezing of species a s  a resul t  of rapid expan- 
sion of the jet; the  relative contributions of thermal 
expansion and magnetohydrodynamic forces in the 
production of thrust;  and the mechanism by which 
electrical  energy is transferred to  the propellant. 

I t  i s  evident that  a knowledge and understand- 
ing of these  phenomena are  necessary before arc- 
je t  device s having improved performance character- 
i s t ics  can  be developed. It is a l so  apparent that  
the primary restriction to the knowledge of such 
processes  i s  the lack of reliable experimental 
techniques for measuring the plasma properties in 
arc-jet thrustors along with their corresponding 
performance character is t ics .  

the investigation of techniques for measuring nozzle 

- 

. 

The  objective of the  work reported herein was 

exi t  plane plasma parameters and performance char- 
ac te r i s t ics  of arc-jet thmstors  using hydrogen a s  
the propellant. The plasma parameters to b e  mea- 
sured in the  nozzle exit  plane included total  enthal- 
py, mass flux, gas  velocity, gas  density, and elec- 
tron concentration. The measurement techniques t o  
be investigated included a thrust  s tand a stagna- 
tion enthalpy and mass flux probe, a photometric 
velocity meter, an electron beam densi ty  device,and 
a Langmuir probe. 

The  research work described in th i s  report is a 
follow-on to Contract NAS8-2519. The work on the  
init ial  contract (Ref. 1.1) resulted in the  concentra- 
tion of effort  in this program on the development of 
the most promising diagnostic techniques for the 
measurement of the nozzle exi t  plane flow condi- 
t ions and performance character is t ics  of 30 kw hy- 
drogen arc-jet thrustors. Once the  diagnostic tech- 
niques are successfully developed, they will be 
used t o  es tab l i sh  a model of the flow and energy 
exchange processes  occurring in the  arc-jet. 

R e f  ere nc e 

1 . 1  W. M. V a n  Camp,  F .  D .  McVey ,  S .  E.  Merrifield, J .  H .  
Painter ,  R .  W. V o g e l ,  R.  H .  Clark ,  F .  J .  Brock,  and 

R .  L .  F o x ,  “Hydrogen Arc-jet Exhaust Diagnost ics ,”  
McDonnell Report 9621 (August  1963) Final Report  on 
Contract NAS8-2519. 
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2 Arc-iet thrustors 

2.7 Water-cooled arc-jet 

The development of t he  arc-jet diagnostic tech- 
niques described in th i s  report required a s table ,  re- 
peatable,  and readily attainable hydrogen exhaust 
jet having local properties similar t o  those of the 
high temperature, radiation-cooled thrustors. A 
water-cooled, vortex stabilized hydrogen arc-j et* 
was designed, bui l t  and operated for this purpose. 

, The range of operating and performance parameters 
for this  engine a re  given in Table  2.2, page 7. 

The arc-jet developed for th i s  diagnostic pro- 
gram i s  shown in Fig. 2.1. 
was  a 0.625 inch diameter rod positioned by a water- 
cooled holder. The anode w a s  a convergent-divergent 
water-cooled nozzle  having a convergence angle of 
3 5 O ,  a divergence angle of 15O, a throat diameter of 
0.254 inches and an exit plane diameter of 1.46 
inches (area ra t io  of 32.9). The nozzle anode was 
electrically insulated from the cathode by a dielectric 
s leeve tha t  formed a part of the  cylindrical arc 
chamber. The  propellant w a s  injected tangentially 
into the arc chamber through four 0.025 inch diam- 
eter ports inserted through the insulated sleeve. The 
ports were s i zed  to  yield sonic injection for a maxi- 
mum radial pressure gradient in the arc chamber and 
hence a s tab le  arc  on the centerline of the nozzle. 
The  engine design was  flexible in tha t  the cathode 
position, the  arc chamber volume, the injection port 

The cathode of the arc 

diameters, the nozzle configuration and the cathode 
shape  could be eas i ly  varied. An arc chamber pres- 
sure  tap w a s  located on the  rear chamber wal l .  

The nozzle expansion ratio w a s  the maximum 
possible consistent with proper expansion and the  
pumping characterist ics of the vacuum system used. 
The arc-jet was  instrumented for determination of 
power level,  arc-efficiency , and s y s t e m  pressures .  

Figure 2.2 shows the  hydrogen arc-jet firing 
into the vacuum tank. 

2.2 Arc-jet test facilities 

The subsystems necessary for the operation 
of the hydrogen arc-jet were an electrical  power 
supply, a vacuum system, instrumentation, a pro- 
pellant supply, and a cooling water supply. 

Power s u p p ! i e s  

the first  23 diagnostic tests of the present program 
(Table 9.1, pages 55 and 56) were performed with 
an ignitron tube power supply. This  power supply 
consisted of two parallel rectifiers using C las s  D 
ignitrons in half-wave bridges. The  output voltage 

The  initial development tests (Ref. 1.1) and 

* The arc-jet t h r u s f o r s ,  thrust stand, and specialized diagnostic devices in these studies were designed and constructed under 
McDonrzell’s independent research programs. 
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ARC-JET THRUSTORS 

Nozz le  cooling 
# water outlets /-Nozzle 

cooling 

Insulator- N 

Cathode 

I 

-& >.. 1 passage volume 

expansion nozzle -7 
-Nozz le  cooling 

water inlets 
0 2 
u 

Scale - inches 

F ig .  2.1 Water-cooled 30 kw arc-jet 

F ig .  2.2 Water-cooled 30 kw hydrogen arc-jet 
exhausting into vacuum tank 

was  virtually cons tan t  a t  400 vol ts .  T h e  necessary  
droop in the  output voltage character is t ic  w a s  pro- 
vided by water-cooled s t a in l e s s  steel tubes  used  a s  
s e r i e s  r e s i s to r s  in the  circuit. T h e s e  tubes  provided 
seven  r e s i s t ance  steps of 0.13 ohms each  and one 
additional step of 0.75 ohms. 

to the  f i rs t  23 (Table  9.1 through 9.4, pages  55 
through 59 were conducted with a dry rectifier 60 
kw power supply. T h i s  power supply h a s  a three 
phase  full-wave rectifier with saturable  reactor  
current  control providing the  necessary  drooping 
output character is t ic .  To  obtain the necessary  mini- 
mum sparking potential of hydrogen, a 400 vol t  open 
circui t  voltage was  used. 

higher power will ut i l ize  McDonnell's two 1 Mw, 
three phase ,  full-wave rect i f iers  power suppl ies  
with saturable  reactor  control. 

All tests in t h e  present program subsequent  

Future  e lec t r ic  propulsion research requiring 

4 MCDONNELL Report A984 * December 1964 



ARC-JET THRUSTORS 

Parameter 

Power input  

Prope I lant  
f l o w  ra te  

Power loss 

System pressures 

Vacuum system 

mechanical booster assemblies ,  a holding pump, 
four sixteen inch diameter oil booster pumps, and 
other valving, f i l ters ,  and piping. The system has  
a pumping capacity of 4 x loM4 l b l s e c  of hydrogen 
plasma a t  0.80 torr. A two-stage hea t  exchanger 
consisting of water and liquid nitrogen baffles was 
located in the vacuum tank to protect the pumping 
system and improve the pumping characterist ics.  

The  vacuum pumping system consisted of two 

Method o f  
measurement 

DC vol tmeter  and 

osc i l lograph record-  
ing  of  vo l tage d i v i -  
der  ne twork  

DC ammeter and 
o s c i  I lograph record-  

ing o f  50 mv shunt  

B&rdon gauge and 
os$i I logra ph record-  
i n g  of t ransducer  
ou tpu t  

Osci  I lograph record-  
ing of  copper-constan-  
tan thermocouple 

Osci  I logra ph record - 
ing of copper-constan-  
tan  d i f f e r e n t i a l  thermo. 

couple 

"Rotameter" f l o w  

meter 

ou tpu t  

Arc- ie t  ins ta l la t ion  

drogen arc-jet installation. The arc-jet was mounted 
with al l  instrumentation external t o  the vacuum s y s -  
tem and the mounting plate  was electrically isolated 
from the grounded tank. This  allowed a minimum of 
vacuum pass-throughs and the  placement of a current 
metering shunt  between the plate  and ground. 

end of an  eighteen inch diameter cylindrical test 
sect ion with four 10 inch diameter observation ports. 
The  arc-jet cooling water was  supplied a t  a constant 
head from a 55 gallon reservoir by a turbine water 
pump. 

Hydrogen was  supplied to the engine from 

eight 2000 psi  s torage bot t les  manifolded and regu- 
la ted t o  200 ps i  supply pressure. The  flow was 
then throttled by a needle valve into a cri t ical  noz- 
z le  flowmeter. T h e  stagnation pressure upstream 
of the flowmeter w a s  used in  conjunction with pre- 
cision calibrations to set the flow rate.  

A three junction copper-constantan differential 
thermopile was  used  to measure the cooling water 
temperature r i s e  for deieriiiiiiing the efficiencg7 of 
the  arc-jet. 

Figure 2.3 is a schematic diagram of the  hy- 

The arc-jet mounting plate  was at tached to the 

Instrumentation 

The instrumentation of the hydrogen arc-jet 
and vacuum system w a s  designed to  measure the 
parameters shown in Table  2.1. All electrical  
s ignals  were continuously recorded in a direct  
print oscillograph at a paper speed of 0.25 inches 
per second. 

Table 2.1 Description of instrumentation 

Measurement 

Arc vo l tage 

Arc current 

F I ow meter 
pres sure 

F lowmeter  
t e  m pe ratur e 

C o o l i n g  water 
t e  mperatu re 
d i f fe ren t ia  I 

C o o l i n g  wate i  
f low rate 

Arc chamber 

Ambient  
exhaust  

(vacuum) 

Anero id gauge and 
osci l lograph record-  

ing of t ransducer  

out pu t  

Thermopi le  gauge, 
ion izar ion  gauge, on? 
osc i l lograph record ing 
of  i o n i z a t i o n  gauge 

ou tpu t  - 
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THRUSTORS 

Test stand selector valve 

Temperature differentia I 

Fig .  2.3 Test installation for water-cooled arc-jet 

- Plexiglas 
viewing 
port 
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ARC-JET THRUSTORS 

2.3 Test procedure 

Prior to  starting the hydrogen arc-jet, the  test 
section and arc chamber were evacuated and purged 
with an inert gas .  Hydrogen was then introduced in- 
to the arc  chamber until the  pressure exceeded 50 
torr a t  which time an open circuit  voltage of 400 
volts was applied across the  electrodes of the arc- 
jet. The hydrogen flow w a s  then stopped. When 
the arc chamber pressure fell  to approximately 
2 torr the arc initiated a t  which t i m e  the hydrogen 
flow w a s  init iated stabil izing the arc. The desired 
operating condition was then set by adjusting 
either the hydrogen flow and/or the supply current. 

tion to  insure proper expansion of t h e  gas in the 
nozzle. I t  was required tha t  the rat io  of the ambient 
exhaust pressure to the  arc chamber pressure be 
less than 0.007(Ref. 1 . l ) and  that the bright region 
of the f i rs t  normal shock in  the stream was at l e a s t  
three diameters downstream of the exi t  plane. 

Visual observations were made during opera- 

. 

- 
During the test a continuous oscillograph re- 

cording was made of a l l  operating parameters ex- 
cept  the cooling water flow rate. When a test was 
made using a diagnostic device,  the water flow rate 
and many of the same operating parameters being 
recorded on the oscillograph were read and re- 
corded (Tab le  2.1). 

Normal shut down consisted of turning off the 
power supply, then the  hydrogen flow, followed by 
an inert gas purge of the vacuum system. 

was started ill a different manner. The hydrngen 
flow rate was  preset;  then a solenoid valve in the 
propellant feed l ine was closed and the arc chamber 
evacuated t o  0.002 torr; an open circuit voltage of 
400 volts was applied across  t h e  electrodes and the 
solenoid valve w a s  opened; when the  pressure-gap 
product in the arc chamber reached the lower spark- 
ing point, the arc ignited and the arc-jet stabilized 
a t  the preset  hydrogen flow rate.  

When mounted on the thrust stand the  arc-jet 

2.4 Operat ing conditions for diagnostic 
tests 

The scope of the diagnostic technique develop- 
ment program entailed demonstration of the techni- 
cal feasibil i ty of the diagnostic devices  a t  two dif- 
ferent specific impulse levels.  The  operating char- 
acter is t ics  of the water-cooled arc-jet had previous- 
ly been determined (Ref. l . l ) ,  but no performance 
measurements had been made. T o  determine the 
performance characterist ics,  tests were made us- 
ing the  thrust  stand described in Section 3. The 
operating parameter ranges for t hese  tests are given 
in Table 2.2 and Fig. 2.4. 

Table  2.2 Water-cooled hydrogen arc-jet 
operating and performance parameter ranges 

Parameter 

lydrogen  f low rate ( I b l s e c )  

Nozz le  ex i t  plane 
bulk average stagnation 
enthalpy (B/ lb)  

Arc chamber pressure (torr) 

Ambient exhaust pressure 
[torr) 

Power input (kw) 

Thermal ef f ic iency (X) 
Specific impulse (sec)  

Thrust (Ib) 

Maximum 

5.40 x 1 0-4 
64,400 

279 

1.40 

33 
81.4 

1050 

0.40 

Minimum 

2.91 

28,400 

180 

0.38 

17 

58.0 

650 

0.26 

These  performance measurements along with 
the requirements of proper propellant expms ion ,  
stability, and repeatability were used to es tabl ish 
the engine operating conditions given in Table 2.3 
a s  the two primary diagnostic test conditions. 

Report A984 December 1964 MCDONNELL 7 



A R C - J E T  THRUSTORS 

Arc chamber 
pressure 

( t o r r )  

187 
205 

0.401 I I I 

Power Propellant Nozz le  e x i t  

input f l o w  rate plane bulk 

(kw)  (Ib/sec) stagna+ion 
average 

e ntha I py (B/I b 

22.4 3.6 x 45,000 
28.0 3.6 x 60,000 

0.38 

0.36 
v 

L 

v) 

-c c 
2 0.34 

0.32 

0.30 

I I 

1 Nozzle  area ratio = 32.9 inches-I U 

1000 2 
0 
In 

900 
E 

Y 

.- 
800 v .- 

V 

cn 
700 

4.0 4.5 5.0 Q) 6 3.5 
Hydrogen flow rate (Ib/sec) 

F ig .  2.4 Performance ranges for water-cooled 
hydrogen arc-jet 

I Table 2.3 Primary operating conditions for 

diagnostic tests 

Specific 
impulse 

( 5  ec) 

970 

A third operating point, 39,000 B/lb bulk aver- 
age je t  stagnation enthalpy, was also used in the 
development of the enthalpy probe t ip.  Numerous 
intermediate jet enthalpy levels  were used in the 
preliminary tests with the velocity meter a s  we l l  

a s  the thrust stand. A complete tabulation of the 
arc-jet operating conditions for the various diag- 
nostic experiments is presented in Tables  9.1 
through 9.4 in the Appendices. 

2.5 Radiation-cooled arc-iets 

The radiation-cooled arc-jet to be used for the 
performance tests and for the nozzle exi t  plane di- 
agnostic measurements is shown in Fig. 2.5. In 
preparation for t h e s e  t e s t s ,  two thrustors of t h i s  
type were mounted on the cooled thrust  stand (Figs .  
3.2 and 3.7) and checked out in the vacuum sys- 
tem.  The two thrustors differed only in  the  diam- 
eter  and length of the constrictor a s  shown in 
Fig. 2.5. 

In running these  preliminary t e s t s ,  it  was de- 
sired to es tabl ish a satisfactory start ing procedure; 
to determine the vacuum system performance using 
the high temperature engines;  to  establish the t i m e  
required for the engine t o  stabil ize and reach ther- 
mal equilibrium when changing from one  operating 
condition t o  another; and t o  determine the magni- 
tude of the zero shift  problem that occurred during 
the thrust measurements on the water-cooled arc- 
jet. 

parameters for the check out tests of the two 
radiation-cooled arc-jets using hydrogen a s  the 
propellant. Four tests were performed on thrustor 
A; two in  which the mass flow was held constant.  
The two tests on thrustor B were performed with 
variable mass flows. Both arc-jets operated stably 
with no apparent sputtering. 

operating the radiation-cooled arc-jets was t o  pre- 
set the hydrogen flow rate  a t  5.5 x 

Table  2.4 shows the range of performance 

The first  s t ep  of the starting procedure for 

l b l s e c .  

Report A984 * December 1964 8 MCDONNELL 
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A RC-JET TH R USTO RS 

D 

Hangar 

Boron nitride 
insulator 

Cathode 
terminal 

r 3 

DC Dex L c  1 a 

I 
I .  
1 

Thrustor A 

Thrustor B 

Note: All dimensions are in inches 

1.875 0.150 1.500 0.300 15' 

2.000 0.250 1.500 0.500 15' 

Maximum 

6.00 

198 

207 

35.3 

1022 

3.02 

Minimum Maximum Minimum 

4.09 5.52 10-4 2.59 
69 150 110 

39 255 54 

7.7 36.6 8.1 

619 522 280 

0.87 I 2.84 I 1.71 I 

Fig .  2.5 Radiation-cooled 30 kw arc-jet 

Table  2.4 Operating ranges for radiation-cooled 
hydrogen arc-jet check out tests 

Hydrogen f low rate ( Ib/sec)  

Arc voltage ( v o l t s )  

Arc current (amps) 

Arc power (kw) 

Arc chambei  piessi i ie  (?err! 

Vacuum tank  pressure (torr) 

I Thrustor A I Thrustor B I 

A quick acting solenoid valve, between the  flow- 
meter and the  thrustor, was then closed and the  
arc chamber was evacuated to 0.05 torr. With 
the  saturable control reactor o n  the power supply 
adjusted for minimum power output, an open cir- 

cu i t  voltage of 400 volts was applied to the  elec- 
trodes. To ini t ia te  the arc the propellant sole- 
noid va lve  w a s  then opened and t h e  arc-jet sta- 
bilized at the  preset  flow ra te  and a power input 
of approximately 7.7 kw. Increases  in  the  power 
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input were made b y  adjusting the saturable control 
reactor to achieve a higher a rc  current. In order to 
avoid damage to  the tungsten nozz le ,  t h e  power 
was increased  a t  a nominal ra te  o f  2.5 kw every 7 
minutes unt i l  the 15 kw level w a s  reached. T h e  
power w a s  then increased a t  a ra te  of 5 kw every 
7 minutes to the desired operating power level. 

T h e  f i rs t  test on thrustor A resu l ted  in an 
overheating of the vacuum tank and portions of 
the h e a t  exchanger inside the  tank.  Subsequent 
tests proved t h a t  a water jacke t  solved the  tank 
heating problem and baffles a l leviated the  h e a t  
exchanger problem. Table 2.4 shows the pres- 
sure  in the  vacuum tank ranged from 0.87 to 3.02 
torr. 

The s tabi l izat ion period required for ther- 
mal equilibrium w a s  determined by maintaining the  
engine operating conditions constant for a period 
of 15 minutes and then increasing the power by 
5 kw. T h e  thrust  increased immediately as the  
power was increased and continued to increase  
more slowly for approximately 5 minutes. At  th i s  
point the arc-jet was judged to have achieved 
thermal equilibrium. 

t h e s e  tests prevented the accura te  measurement 
of thrust. The  support rods for the  thrus t  s tand  
are  be ing  replaced by Kovar t o  minimize the  effect  
of thermal expansion. Also,  tests will b e  made t o  

The  zero sh i f t  of t he  thrust  transducer during 

J 

determine the  temperature sensi t ivi ty  of the trans- 
ducer element.  F i g .  2.6 Radiation-cooled 30 kw arc- jet  with 

Figure 2.6 shows that  t he  radiation calorimeter 
i s  a double walled, water-cooled copper cylinder 
which completely enc loses  the  arc-jet except  at  the  
nozzle ex i t .  The device i s  des igned  to minimize 
the  conductive hea t  paths between the arc-jet and 
the cooled inner wall. Measurements of coolant 

and without radiation calorimeter 

flow ra te  and coolant temperature differential are 
used to ca l cu la t e  t h e  power lo s t  through radiation 
from t h e  arc-jet thrustor. 
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3 Thrust 

This  work was aimed a t  developing a tech- 
nique for measuring t h e  thrust of water and radia- 
tion-cooled 30 kw arc-jets exhausting into a vacuum 
tank. 

3.1 Thrust stand for water-cooled arc-jet 

In designing the thrust  s tand,  consideration was  
given t o  the following requirements: 

Thrust  measurements were to  be made in the 

The hydrogen arc-jets required flexible in- 
range of 0.1 to 1.0 pounds. 

strumentation leads ,  coolant l ines ,  and power 
connections that  could produce nonlinearity, 
friction, and mechanical hysteresis  if the 
system deflected appreciably. 

0 The vacuum system in which the thrust  mea- 
suring device was installed was subject  to 
mechanical vibrations and, therefore, detri- 
mental vibrational modes had to 'be attenuated 
by t h e  support  structure. 

0 The system was  to  operate under vacuum con- 
dit ions and was  subject  to  non-uniform heat- 
ing of its components. 

0 A high level of electrical no ise  from the  arc- 
jet required shielding of electrical  components. 

T h e  thrust stand designed for the laboratory 
type water-cooled arc-jets is shown in Figs.  3.1 
and 3.2. The specification that  led t o  the general 
configuration of the system was tha t  of mechanical 
isolation from the vacuum tank. The  flexure system 
was designed to  reduce vibrations in  all  but the 
vertical plane. The force transducer was relatively 
insensi t ive t o  all  forces except  those in the direc- 
tion of thrust. 

The hydrogen arc-jet was  mounted on the lower 
platform which was displaced by the thrust  devel- 
oped by the arc-jet. The  force transducer on the 
lower platform was  connected to the upper platform 
by means of a thin cable. The thrust  produced 
very small relative deflections between the plat- 
forms but deflected the ent i re  double pendulum sys- 
t e m .  The tension in the connecting cable,  as mea- 
sured by the force transducer, was equal t o  the 
thrust of the arc-jet minus any tare loads which 
included the forces due to s t i f fness  of the  coolant 
and propellant l ines and the flexures.  To mini- 
mize the tare loading, the deflection was  kept  
small by  adding approximately 200 pounds weight 
t o  the  system. 

The lowcr flexure system of the t,hrust stand 
consis ted of 0.035 inch diameter braided s t e e l  
cable.  Coolant was  supplied t o  the arc-jet by Ty- 
gon tubing. The propellant l i ne  consisted of 20 
feet  of 114 inch diameter copper tubing wound in a 
helix 3 f ee t  long and 3 inches in diameter. The in- 
herent s t i f fness  of power cables  capable  of carry- 
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Fig .  3.1 Arc-iet thrust stand 

ing 200 amperes made necessary the use  of copper 
bus bars which terminated in pools of mercury. 
Total  tare  loading of the system with a l l  instru- 
mentation instal led and with coolant and propel- 
lant l ines  pressurized was  l e s s  than 10% of the 
thrust  to b e  measured. Calibration of the system 
indicated that friction and mechanical hysteresis  
were not present. The small tare loading (inher- 
ent in any system if allowed to deflect)  did not  
produce a nonlinearity in the calibration and was 
repeatable. 

The system was calibrated by means of stan- 

Scale - inches 

F ig .  3.2 Deta i l  view of arc-jet thrust stand 

dard weights. A fine wire connected to the  lower . 
platform passed  through a hole  in the vacuum cham- 
ber and over a precision pulley. Weights hung on 
the wire simulated a known thrust  and an accurate 
calibration was obtained. Since a n  absolute Cali- 
bration of the load cell was  known, t h e  tare of t h e  
system was obtained by comparison of the Cali- 
bration curves. The  system was calibrated before 
and after each test. The  calibration method a l so  
allowed the addition of standard weights while the  
arc-jet was operating as  a check on  the  s lope of 
the calibration curve. 

The possibility of arcing external to the engine 
was eliminated by electrically isolating the  vacuum 
chamber test sect ion and thrust  stand structure from 
ground and by carefully insulating a l l  components 
tha t  were above ground potential. The mercury sur- 
faces  were covered with si l icone fluid to  prevent 
arcing. 
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THRUST 

3.2 Thrust measurements for 
water-cooled arc- jet 

A total of 43 tests were performed on the water- 
cooled arc-jet configuration described in Section 2. 
T h e  purpose of t hese  tests was t o  demonstrate the 
reliability of the thrust  measuring system over the 
operating range of the arc-jet. Table 2.2, page 7 
shows the range of operating and performance 
characterist ics for t hese  tests. 

propellant flow rate  was chosen and reproduced a s  
accurately as possible from test to test. The  power 
input t o  the arc-jet was  then varied from a lower 
limit defined by arc-jet instability to  an upper limit 
defined by the power supply. Figure 3.3 i l lustrates 
the dependence of thrust and specific impulse on 
the power input at a fixed propellant flow rate. 
The  percent deviation of measured propellant flow 
rate throughout these tests was 2.9%. The  thrust 
data  are reproducible to  within 21.5%. 

For another series of tests a high init ial  flow 

For one se r i e s  of tests a single representative 

rate was chosen and the  output of the power SUP- 

ply set a t  a predetermined value.  The flow rate  
was then decreased.  The  variation in propellant 
flow rate  caused a variation in  the power input. 
Each individual operating condition was accurate- 
ly reproduced from test to test. 

Figure 3.4 shows the thrust  and propellant 
flow rate da t a  at three power levels.  For these 
tests the electrode gap (nozzle throat to cathode 
surface) was 0.75 inches,  the nozzle area ratio 
was 32.9, t he  throat diameter was 0.254 inches,  
and the propellant was injected tangentially 
through four 0.025 inch diameter orifices on a 
1.063 inch radius.  In Fig. 3.4, the data are repro- 
ducible t o  within *1.5%, *2.5%, and *7%, depehding 
on the  power level.  These  resul ts  indicate that 

Hydrogen flow rate =.3.47 to 
3.58 x Ib/sec 

17 18 19 20 21 
Power input (kw) 

E z  I .  24 . 25 26 27 

F i g .  3.3 Hydrogen arc-jet thrust and 
spec if ic  impulse character i s  t ic s 

a function of power input. 

of tests over a large portion of the region of 
s table  operation of t he  arc-jet. 

on the  temperature of the thrust stand structure 
is illustrated in Fig.  3.6. The  thrust  and the 
temperature of the structure near the nozzle exi t  
are plotted versus  t ime.  The temperature of the 
structure caused by heating near the nozzle exi t  
plane is apparently a function of the jet en- 
thalpy and the duration of the test. Th i s  
figure shows a typical high power test with 
both the power input and propellant flow rate con- 
s t an t  (32.5 kw and 3.90 x 
perature of the structure continually increased un- 
til the power to the arc-jet was turned off. The  
structural temperature then decreased.  The mea- 
sured thrust. increased with increasing t i m e  and 
temperature for constant operating conditions. The 
cold flow thrust  level measured after t he  power was 
turned off is also shown. When the propellant flow 
w a s  terminated, a zero shif t  in  the measured thrust  

Figure 3.5 shows data  taken from a se r i e s  

The dependence of the thrust  measurements 

lb/sec) .  The tem- 

the reproducibility of the measurement of thrust is existed.  I ts  magnitude was approximately the same 
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0 , 3 8 1  Pdwer 'inpu't = 24 td 26 k w  
. . , , T I  

h 0.36 

z 0.34 

f 0.32 

0.30 

v 

3 
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0.28 

Data on run 14 corrected for 
zero shift - al l  other 

0.40 

0.38 

2 0.36 

z 0.34 

f 0 . 3 2  

0.30 

0.28 

h 

v 

2 

0.40 
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A Test  70 1 
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- Test  79- 

z 0.34 

0.30 

0.28 
2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 

Hydrogen flow rate (Ib/sec) 1 0 5 4  

Fig .  3.4 Hydrogen arc-jet thrust characteristics 

a s  the  time dependent increase in thrust. T h e  
thrust  s ignal  eventually returned t o  zero as the  sys-  
tem cooled. The  discontinuities in the figure repre- 
sen t  changes in  thrust level which were accom- 
panied by osci l la t ions of the thrust  s tand at the 
natural frequency of the suspension system. 

0.40 

0.35 - 
v 

4- 
In 

-c 
2 
I- 0.30 

0.25 
18 19 20 21 22 23 24 2s 26 27 28 29 30 

Power input (kw) 

F ig .  3.5 Hydrogen arc-jet thrust characteristics 

400 

350 

30OOr 
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a 
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z 

v 
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100: 

50 

0 
0 2 4 6 8 10 12 14 16 18 
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F ig .  3.6 Thrust data showing zero shift 

It  appears  tha t  the zero shif t  accounts  for most 
of the spread of the thrust  da t a  and tha t  it is time 
dependent. Since the test time varied from l e s s  
than two minutes t o  about  25 minutes, the zero shif t  
error was  not repeti t ive and could b e  controlled 
by limiting the  test duration. 
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THRUST 

3.3 Thrust stand for radiation-cooled 
arc -  jets 

Modifications were made t o  the thrust  stand s o  
tha t  thrust  measurements could be made using the 
high temperature radiation-cooled 30 kw arc-jet 
configuration. T h i s  unit is shown in Figs .3 .7  and 
3.8. The higher operating temperatures of the radi- 
ation-cooled arc-jet  dictated the design of a cooled 
thrust  s tand.  I t  used a double pendulum suspen- 
s ion system similar t o  the previous configuration. 
The  radiation-cooled arc-jet was  mounted under- 
neath the lower platform which tended t o  be dis-  
placed by the thrust  developed by the  arc-jet. The  
force transducer,  a l s o  mounted on the lower plat- 
form, was  connected to  the upper platform by a thin 
cable  and a zero adjustment mechanism. The  force 
transducer allowed only a very small  re la t ive de- 
flection between the platforms; therefore, the entire 
sys tem deflected.  The tension in t h e  connecting 
cab le ,  a s  measured by the force transducer,  was  
equal  t o  the thrust  of the arc-jet minus tare forces  
due t o  s t i f fness  of the cable flexures and the pro- 

- 

- pellant l ine.  
The  container attached to  the lower platform 

(which enc losed  the suspension system and force 
transducer) w a s  fi l led with a damping fluid main-  
tained a t  near  constant  temperature by a heat  ex- 
changer attached t o  the upper platform. 

between the arc-jet  and the bottom of the  thrust  
s tand t o  intercept much of the heat that  would other- 
w i s e  be absorbed by the oil  container. Further ther- 
mal isolat ion of the arc-jet was accomplished by 
ceramic insulators  in the propellant line and cham- 
ber pressure tap and a boron nitride wafer in the 
arc-jet mount. 

The  arc-jet  was  electrically isolated from the 
thrust  s tand.  Power to  the thrustor was  supplied by 
s t a i n e l s s  steel and copper bus bars which termin- 
ated in pools of mercury. Fiberglass  tape was used 
t o  e lectr ical ly  insulate  those protions of the arc-jet 
and bus bars tha t  were above ground potential. 

Instrumentation of the system provided mea- 
surements of thrust ,  arc chamber pressure,  voltage, 
current,  propellant flow rate ,  vacuum chamber pres- 
sure ,  and structural  temperatures a t  several  points 

A polished s t a i n l e s s  steel shield was mounted 

on the arc-jet  and thrust  stand. A l l  of t he  param- 
e t e r s  were continuously recorded during a test by 
a direct  readout oscil lograph. 

An attachment point for a calibration wire  was  
provided on the  chamber pressure transducer l ine a t  
the centerline of the thrustor. The calibration pro- 
cedure was  similar to  tha t  previously described for 
the uncooled thrust  stand. 

Six tests were performed using th i s  cooled 
thrust  stand and two high temperature, radiation- 
cooled arc-jets a s  described in Section 2.5. T h e  
primary purpose of t hese  preliminary tests was  t o  
checkout the arc-jets,  the associated instrumenta- 
tion and thrust  s tand,  and t o  e s t ab l i sh  operating 
procedures for subsequent  tests. 

These  tests indicated tha t  there was  a signif- 
icant  zero shif t  problem. Since it appears tha t  t h e  
shift  is temperature dependent,  the support rods a re  
being replaced by Kovar material and improved ther- 
mal isolat ionof  the force transducer is in work. 

Fig .  3.7 Radiation-cooled arc-jet mounted on thrust 
stand in vacuum tank 
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3.4 Conclusions 4. The spreadof  da t a  i s  attributable t o  the  
heating of the thrust  stand components and/ 
or the force transducer.  - 

The  resu l t s  of the 30 kw water-cooled hydrogen 

1. The double pendulum thrust  s tand gives re- 

2. A sl ight  zero sh i f to f  t h e  sys tem occurs dur- 

3.  The spread of data increases with increasing power. 

arc-jet thrust  work indicate: Preliminary thrust  measurements on the 30 kw 
radiation-cooled arc-jets indicated a significant 
zero shif t  problem. It i s  concluded that  the force 
transducer was  temperature sensi t ive and should 
be thermally isolated.  

l iable  thrust  measure me  nts.  

ing the tests. 

Electrical pass-thru k 
for instrumentation 1 

insulation blocks 

Arc chamber 
ressure transducer -, 

cooled arc-jet 1 

Fig.  3.8 Thrust stand for radiation-cooled thrustors 

- Force transducer ’ zero  adjustment 

/ ,- Silicone 
fluid level 

!,- Force transducer 

L- Tension l ink point 

Heat  exchanger 

Cab le  ‘I- Flexure 

ion 
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4 Stagnation enthalpy and mass flux 

4.1 Experimental upparatus The purpose of this  work was t o  measure the  
local stagnation enthalpy and mass flux distribu- 
tion in the nozzle exit  plane of a 30 kw hydrogen 
arc-jet. 

The design chosen to accomplish these mea- Figure 4.1 i s  a drawing of t h e  stagnation en- 
surements was a hollow tube type device having 
normal shock inlet. A sample of t h e  supersonic 
stream i s  captured by the probe. The energy of 
the stream sample i s  then extracted within the 
probe by cooling water and the  mass flow rate 

- 

a thalpy probe a s  initially designed. The  probe inlet ,  
the exi t  sonic  flow nozzle,  and the h e a t  exchangers 
are indicated in th i s  figure. The entire probe - ex- 
cept for the inlet  lip - was fabricated out  of copper. 
The  probe inlet  l ip diameter of 0.40 inches was a 

through t h e  probe i s  measured by a sonic flow noz- 
zle a t  the exi t  of the probe. If the bow shock i s  
swallowed, the total energy per unit time entering 
the inner chamber of the probe i s  the product of 
the stagnation enthalpy, probe inlet  area,  local  
free stream densi ty ,  and velocity. 

The total energy per unit time entering the 
probe can be accounted for by measuring the tem- 
perature r i s e  and flow rate of the cooling water, 
the total temperature of the exiting gas ,  and the 
g a s m a s s  flow. The total mass flux across the exit  
plane and the total  stream energy integrated from 
the  probe measurements can be checked against  
independent measurements of the total mass flow 
rate and power to  the g a s  in the chamber minus the 
energy lo s s  in the nozzle. 

compromise between the hea t  transfer design con- 

112” OD Copper 
[ tube manifold [ Water outlet 

,-Water inlet 
Pressure probe 
Water outlet 
Water inlet 
Water outlet 

J 1- L ~~~ ~~ ~ 

Nozzle  flowmeter 
T h er moc o u p I e rake 

0 3  

Scale - inches 
u 

Fig.  4.1 Initial stagnation enthalpy and mass 
f lux probe design 
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STAGNATION ENTHALPY AND MASS FLUX 

siderations a t  the lower limit and the anticipated 
nozzle exit  diameter of 4 inches a t  t he  upper limit. 
The probe was designed with two separate cooling 
systems. System No. 1 is the external cooling jack- 
et in  which the probe lip i s  mounted and which 
shields the internal cooling system from the jet ex- 
haust. System No. 2 which measures the  heat  trans- 
fer is the internal jacket connected in se r i e s  with 
the coiled heat exchanger. Figure 4.1 also shows 
the pressure tap and the thermocouple rake used to  
obtain the pressure and temperature of the gas  up- 
stream of the exi t  sonic flow nozzle. 

During preliminary checkout tests it w a s  con- 
cluded that  the initial design of the external cool- 
ing jacket did not completely isolate the internal 
heat transfer of t he  captured gas  sample from the 
external heat  transfer of the surrounding exhaust 
flow. The external cooling system was replaced 
by two separate cooling jackets.  Figure 4.2 is a 
drawing of t h i s  modified probe design. The cool- 
ing systems were fabricated by electroforming the 

Probe tip omitting outer shell. 

0.030” Sauereisen 
heat sh ie Id insulator Cooling 

cavity no. 2 

r 

L Thermocouple rake 

L w a t e r  outlet Cooling 
Pressure tap cavity no. 3 

cavity no. 1 

Fig.  4.2 Modified stagnation enthalpy 
and mass flux probe 

components with copper. The cooling passages 
were fabricated by machining a solid copper bil let  
to t he  shape shown in Fig. 4.2. The electroforming 
was accomplished by techniques which allow the 
addition of a copper surface over the probe cooling 
system. An insulating surface was provided be- 
tween the external and internal cooling system by 
“potting” No. 8 Sauereisen in the cavity. The probe 
lip diameter and the overall internal and external 
probe dimensions were not modified. 

Figure 4.3 shows the actuator mechanism that  
was designed and fabricated to accurately position 
the entbalpy probe in the arc-jet exhaust. Th i s  
mechanism consisted of a power driven, water- 
cooled rod on which the enthalpy probe was mounted, 
The figure shows this  mechanism and the enthalpy 
probe mounted in the test chamber. 

4.2 Mass flow calibration 

Figure 4.4 i s  a sketch of the system used for 
calibration of the e x i t  flow nozzles  over the range 
of expected Reynolds numbers. The method of 
changing the Reynolds number of the calibrating 
stream was through a change in i t s  temperature. 
To facil i tate th i s ,  a gas  heater was used to heat 
nitrogen which w a s  then passed through the cool- 
ing system o f  the probe. This in  turn heated the  
hydrogen passing on through the probe and out the 
exit  nozzle. The hydrogen flow rate  w a s  measured 
with a precision nozzle flowmeter previously cal- 
ibrated. The calibration was  performed in  the fol- 
lowing s t e p s  

(a) The test section was  evacuated and hydro- 
gen g a s  flow was introduced through the 
precision flowmeter and enthalpy probe. 

(b)  Nitrogen gas  flow was init iated through t h e  
shop a i r  heater and enthalpy probe cooling 
systems after which the heater rheostat  was 
set a t  a given temperature. 
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Probe 
water 
jacket 

1 -  - Sampling orifice (tungsten) 

6 

O A c a  le 

Probe actuator coolant outlet / 
Probe driving motor 

Probe actuator rod 
Fig. 4.4 Enthalpy probe calibration system 

stream of the precision flowmeter Pof and 
the sonic flow nozzle P, and the g a s  tem- 
perature upstream of the flowmeter Tof and 
the  sonic flow nozzle T, were recorded. 

(d) The  heater rheostat was then set to a high- 
er temperature position and the  steps of (c) 
were repeated. The heater  temperature w a s  
varied through a range of  100' to 1000°F. 

Figure 4.5 depicts  a typical  hydrogen mass  
flow calibration curve for the 0.155 inch diameter 
sonic  flow nozzle. A total of s i x  curves were ob- 
tained for each nozzle  covering the temperature 
range of 540°R to 850°R. All the curves a re  
similar i n  tha t  the data  sa t i s f ies  the  following 
relation a t  the high flow rates  

viewing port 

3o k w ~ > ~ ~ ~ ~ ~ ~ X ~ + o r  Probe actuator coolant inlet 

Fig.  4.3 Enthalpy probe installation 

(c) The hydrogen flow was then varied through 
a series of approximately 20 flow rate  incre- 
m e n t s  in the range of 2-10 x lb/sec.  
A t  each  increment. the  pressure readings up- 

The coefficient CD for each  nozzle  obtained 
from the s lopes  of the calibration curves agrees 
within 5% of tha t  which would b e  calculated from 
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Pm = Gas pressure upstream of f low nozz le  
Temperature range; 635 < Tm < 641'R 
Flow nozz le  diameter 0.155 inches 

I O   IO-^^ 
I 

4 x 10 1 2 3 

Pm/< (P s i a / m )  ' 

Fig .  4.5 Hydrogen mass flow calibration curve 
for enthalpy probe flow nozzle 

one-dimensional perfect gas  relation for a choked 
nozzle. There appears to be a slight Reynolds 
number effect  in the lower mass flow range as evi- 
denced by the deviation of the data  from the 
straight l ine plotted. 

4.3 Experimental procedure 

The procedure used  t o  perform the stagnation 
enthalpy and mass flux experiments w a s  as follows: 

(a) The probe was positioned on the centerline 
of the arc-jet at the nozzle ex i t  plane by 
means of a centering plug fi t ted to t h e  noz- 
zle contour and the probe inlet  lip. The cen- 
terline position was then recorded on the  
probe actuator. 

(b) The probe was then moved to  a position ap- 
proximately 6 inches off the arc-jet center- 
l ine and a l l  probe cooling water systems 
were activated.  

(c) The test chamber w a s  then evacuated and 
the arc-jet started. All instrumentation w a s  
then monitored to ascertain when s table  
operating conditions prevailed. 

(d) The  probe was then moved into the arc-jet 
exhaust  to a position 0.5 inches off center- 
line. The water flow ra t e s  to the internal 
cooling systems were adjusted until t he  in- 
le t  and out le t  temperature differentials were 
approximately 15'F. 
normal shock at the probe inlet  w a s  observed 
visually.  The pressure and temperature be- 
fore the exi t  flow nozzle  were then recorded 
after which the  cooling water flow rates  
were recorded (Table  9.5, page 59). 
The probe w a s  then moved across  the exi t  
plane in increments of 0.1 inches. At each 
position the  procedure of  (d)  was repeated. 
The  residence time a t  each position was 
approximately five minutes. 

The position of the  

( e  
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4 . 4 ~  

3 . 6 ~  
3.6~ 

( f) After each  test termination the  probe lip 
was  inspec ted  and the  probe lip diameter 
was measured and recorded. 

T h e  tests were performed with the water-cooled 
hydrogen arc-jet described in Section 2. Table  
4.1 shows the  arc-jet operating condi t ions for t hese  
tests. 

39,000 7 70 
45,000 840 

60,000 970 

Table  4.1 Nominal test conditions for stagnation 
enthalpy probe experiments 

I 

Arc chamber 

pres sure  

(torr) 

P o w e r  
input  

( k w )  

222 I 22.1 

Inlet l ip  

$ 
w 

U 
0 0.5 

Scale - inches - 
Fig .  4.6 Enthalpy probe showing tungsten l ip 

after 40 minutes of test time 

' 4.4 Preliminary stagnation enthalpy 
tests 

Preliminary tests were conducted with the 
initial des ign  of the enthalpy probe positioned a t  
the nozz le  ex i t  plane of  t he  hydrogen arc-jet. These  
tests indicated t h a t  t h e  hea t  transfer capabi l i ty  of 
the  external and internal cool ing sys t ems  was suf- 
f ic ient  t o  prevent physical deterioration of t he  probe 
and that  the internal cooling sys tem effectively 
cooled the captured gas  stream t o  approximately 
500 to 600°R. I t  w a s  observed t h a t  the tungsten 
in le t  l ip  eroded due t o  the high h e a t  f lux environ- 
ment. T h e  inlet  diameter contracted approximately 
-7% af ter  the  ini t ia l  run. The  cont rac t ion  rate was  
reduced upon subsequent  runs  and after 20 minutes 
of t e s t  t i m e  the  inlet  a r ea  contraction remained con- 
s t an t  a t  approximately 9.5% of the original inlet  
area. Figure 4.6 shows the tungsten l ip  after ap- 
proximately 40 minutes o f  test time. 

Figure 4.7 i s  a drawing of an al ternate  in le t  
lip t h a t  was  des igned  and fabricated to rep lace  
the tungsten lip. Th i s  copper lip provided an 
electroformed water cool ing cavi ty .  T h i s  in le t  l ip  
was used  during several  tests and the resu l t s  in- 
dicated t h a t  the cooled l ip  could b e  successfu l ly  
maintained but imperfections in  the  electroformed 
surface were present .  Although some leakage  oc- 
curred on  the external  surface of the  l ip ,  t h e s e  
tests demonstrated the feasibi l i ty  of using a cooled 
copper lip for the  enthalpy probe. 

Figure 4.8 compares the stagnation enthalpy 
measurements with the probe using both the tung- 
s ten  l ip  and the water-cooled copper lip. The  dis-  
tance of  t he  data  points  from the graph centerline 
represents  the d i s t ance  between the arc-jet and 
enthalpy probe axes.  T h e s e  measured nozz le  ex i t  
plane enthalpy l eve l s  were low by a factor  of  ap- 
proximately two compared with the  va lue  calcu- 
lated by subtracting the energy lo s t  in the nozzle  
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c 
I 

- inches 

I l l  I I I 

Engine exi t  plane 1 I C  

Silver coating 
electro-depo sited 

LHigh pressure 
cooling water inlet 

F ig .  4.7 Water-cooled enthalpy probe l ip 

from the energy added in the a rc  chamber. This 
suggested tha t  some of t he  to t a l  energy in the cap- 
tured gas  was l o s t  to  the probe external cooling 
system. The external cooling system cools  the 
tungsten lip and extends a distance of approximate- 
ly three inlet diameters behind the l ip leading edge. 
The energy l o s t  from the captured gas in  the neigh- 
borhood of the lip was not considered in the energy 
balance. 

probe lip and structure holding the lip was init iated,  
The important features of the redesign were incor- 
poration of a water-cooled copper inlet  lip and an 
external cooling jacket  extending 114 of an inlet  
diameter behind the lip leading edge. This modi- 
fied enthalpy probe is  shown in Fig. 4.2. A test of 
the probe with the redesigned inlet  l ip  and cooling 
system was performed with the probe positioned on 

As a resul t  of these t e s t s ,  a redesign of the 

30 x 10: 

25 

2c 
h 

2? 
m \ 
v 

z 1 5  a - 
0 

C 
f 

1c 

C 

C 

I b Tungsten l ip (test 112) ' I  
Water-cooled silver l ip  (test 111) 

Above iet  centerlinef)-f Below jet centerline1 
-0.65 -0.45 -0.25 -0.05 0.05 0.25 0.45 0.65 

Radial distance (inches) 

Fig.  4.8 Comparison of stagnation enthalpy probe 
measurements using tungsten and water-cooled l ips 

the hydrogen arc-jet nozzle ex i t  plane centerline 
(Fig.  4.9). The  enthalpy level of the exhaust stream 
was then varied from the low enthalpy design point 
(Isp = 840 sec) to the high enthalpy design point 
(Isp = 970 sec). During th i s  test a water leak 
appeared along a discontinuity emanating from the 
sharp leading edge of the electroformed surface. 
Visual inspection after the test indicated no physi- 
cal  deterioration of the probe l ip nor was the water 
leak observed during pressure tests with the probe 
out of t h e  exhaust.  

In order t o  eliminate the leak,  t h e  initial elec- 
troformed copper plating was machined away and a 
smooth radius was turned on the leading edge of the 
lip. 4 surface of high densi ty  copper was then 
electroformed on t h i s  radius  and the sharp probe 
lip was redefined by machining t h i s  coating of cop- 
per. 
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F ig .  4.9 Stagnation enthalpy probe in  
hydrogen arc- jet  exhaust 

4.5 Stagnation enthalpy profile 
measurements 

Two s e r i e s  of s tagnat ion enthalpy profile mea- 
surements were performed a t  ten posi t ions along a 
diameter  o f  the  nozz le  exit plane. The  f i r s t  se r ies  
of tests were conducted at e x i t  p lane  bulk stagna- 
tion enthalpy leve ls  of 39,000, 45,000, and 60,000 
Bl lb ;  t h e  second se r i e s  a t  39,000 and 45,000 B/lb. 
The  resu l t s  of t h e s e  tests and the corresponding 
arc-jet operat ing conditions a re  shown in  Fig.  4.10. 
The probe performed sat isfactor i ly  during t h e  f i rs t  
s e r i e s  of tests a t  the two lower enthalpy levels. 
\ 'isual observat ions indicated tha t  the normal shock 
appeared to be  s tanding off the probe lip and that 
the  j e t  w a s  def lected onto the  thermocouples a t  the 
rear of the  probe when the probe was positioned be- 
low the  center l ine.  The  vacuum chamber pressure 
for those  tests was 2.50 torr. A s  the probe was 

passed  through the exhaus t  center l ine at  the  bulk 
s tagnat ion enthalpy level  of 60,000 B/lb (center- 
l ine s tagnat ion enthalpy approximately 87,000 B/lb)  
a leak  developed a t  the probe l ip  leading edge.  
Seal ing t h i s  water leak involved machining away 
the  plated copper  to  a point only a few thousandths  
of an  inch from the water  cavity. The ent i re  lip 
surface w a s  joined with high temperature s i lver  
solder  and  the water cavi ty  was  leak  checked  with 
600 psig water pressure thd found to  be devoid o f  
leaks .  High dens i ty  copper was then plated over  
t h i s  s i l ve r  soldered surface t o  redefine the  sharp 
probe lip. In addition, a shield w a s  placed over  
the thermocouples at the rear of  t h e  probe to  re- 
duce the hea t  transfer from the def lec ted  jet when 
the probe was  positioned below the jet centerline. 

a t  enthalpy leve ls  of 39,000 and 45,000 B/lb. 
Visual observation of the flow during t h e s e  tests 
indicated tha t  the  normal shock a t  the  probe l ip  
appeared to b e  swallowed. The  vacuum chamber 
pressure w a s  1.75 torr. T h e  s tagnat ion enthalpy 
profile r e su l t s  in  Fig. 4.10 indicate tha t  the 
39,000 and 45,000 B/lb profiles in  the  f i r s t  s e r i e s  
of tests were reproduced in  the second se r i e s .  Al- 
so the  leve l  of enthalpy va lues  a re  c l o s e  to the 
bulk average va lues  calculated from an  energy bal- 
ance.  Th i s  shows tha t  the cooling passage  design 
changes  incorporated in the present probe repre- 
s en t  a s ignif icant  improvement compared to  the pre- 
vious design. 

The data  scat ter  observable  a t  radial posi t ions 
beyond 0.4 inches  ind ica tes  t ha t  further effort will 
be required to  determine the enthalpy profile in th i s  
region. 

centerline were of questionable accuracy due to  
the jet def lect ing into the region of t h e  thermo- 
couples  used t o  measure the cooling water 
temperature. Also,  s ince  the va lues  below the jet 
centerline were lower for the second se r i e s  of 
tests, i t  appears  t ha t  the shield placed over the 
thermocouples reduced the jet impingement effect .  

T h e  second se r i e s  of tests were then performed 

The  enthalpy measurements below the  jet 
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Exit  plane diameter 
I 

i z 0 

17 0 39,600 B/lb 
17 A 45,500 B/lb 
18 0 60,000 B/lb 
19 0 39,100 B/lb 
19 A 45,100 B/lb 

Refei '0 page 56 for test condi i .ms 
Y 
I 

-0.8 - 0.6 - 0.4 - 0.2 0 0.2 0.4 0.6 0.8 

Radial position (inches) 

Fig. 4.10 Arc-iet exhaust stagnation enthalpy profiles 
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4.6 Preliminary mass flux experiments 

The  g a s  mass flux measurements obtained dur- 
ing the second ser ies  of stagnation enthalpy profile 
tests (Section 4.5) are shown in Fig.  4.11. The 
mass flux was determined by dividing the measured 
mass flow rate  through the  probe by the inlet  area 
at the probe l ip (0.124 in2). T h e  integration of the 
mass flux distribution across  the nozzle exi t  plane 
should equal t he  total mass flow through t h e  arc- 
jet thrustor. That is: 

;= Jr0 2vp v r dr, 

where k = mass flow, 
r = variable radius,  

v = velocity, 
p =  density.  

ro = nozzle exit  plane radius, 

The integration of the above equation was ob- 
2 tained graphically by plotting pv versus r . The  

integral thus becomes 

2 
=T pv d(r2) 

0 

and the total  mass  flow equals  the area under the 
curve multiplied by TT. 

Table 4.2 shows the comparison of the in- 
tegrated mass flux profiles with the mass flow 
measured in the propellant inlet l ine to  the arc- 
jet by a cri t ical  nozzle flowmeter. 

The data  in Table 4.2 indicates that  the 
measured propellant mass  flow was approximately 
double the integrated mass flux values. Complete 
checks on instrumentation and calculation pro- 

Radial position (inches) 

F ig .  4.11 Mass flux profiles in hydrogen 
arc-jet exhaust 

T a b l e  4.2 Mass f low comparisons 

Metered mass 

2.29 4.41 

1 .a9 x 3.54 

cedures were made in an attempt to explain this  
discrepancy. Since EO significant ewers were 
found, it was concluded that the normal shock a t  
the probe l ip was  not properly swallowed and the 
distributions of Fig. 4.11 are not quantitatively 
accurate. 
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4.7 Conclusions 

1 .  Th test res  Its showed that local  stag- 
nation enthalpies can be measured in the exhaust 
of a 30 kw hydrogen arc-jet using a water-cooled 
probe without physical deterioration or damage 
under local stagnation enthalpy levels  up to 
approximately 87,000 B/lb. (This  was the center- 
l ine enthalpy for the 60,000 B/ lb  bulk average 
stagnation enthalpy tests.)  

2. The measured st agnation enthalpy values 
reproduce and compare favorable with the values 
predicted from an energy balance. 

3. The discrepancy between the measured 
propellant mass  flow and the integrated mass flux 
indicates that  the present probe design is inade- 
quate for local mass  flux measurements. I t  is 
possible that  the discrepancy is due to the local 
flow field conditions a t  the probe inlet. 

4. Separate stagnation enthalpy and mass flux 
probes are desirable. Th i s  is due to  the incompat- 
ibility of the sharp leading edge requirements of 
the mass flux probe and the large leading edges 
necessitated by the cooling requirements of the 
enthalpy probe. 
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5 P hot0 m etric velocity 

The objective of the velocity study was 
to investigate the feasibility of determining hydro- 
gen arc-jet exhaust velocity profiles by photometri- 
cally sensing the random light intensity fluctuations 
inherent in t h e  luminous plasma stream. These 
fluctuations a re  sensed a t  two fixed stations in the 
exhaust and the t i m e  required t o  traverse the known 
distances between the two s ta t ions is measured and 
used to calculate the velocity. This technique is 
entirely passive in that  the stream i s  in no way 
physically disturbed by the measurement. I t  should 
a l s o  be noted that the method assumes the light 
fluctuations a r e  traveling a t  the stream velocity. 
This method was  suggested by the observation of 
high frequency light fluctuations in smear photo- 
graphs of the exhaust of a 30 kw hydrogen arc-jet. 
(Ref. 1.1). 

5.1 Exp er ;men tal apparatus 

The  init ial  velocity meter design incorpora- 
ted type 1P28  photomultiplier tubes and two en- 
trance apertures which were separated by 1.7 
inches. To record the data,  Polaroid photographs 
were taken of the single sweep of a dual beam 
oscil loscope. Each beam of the oscil loscope 
displayed the output signal of a photomultiplier. 

Apparent plasma stream velocit ies were estab- 
lished with t h i s  device,  but due to the limited sen- 

sitivity of t he  photomultipliers, t h e  minimum plas- 
ma sampling diameter was  approximately 0.3 inches.  
Typical centerline velocit ies near the nozzle exit  
for a fully expanded 30 kw hydrogen arc-jet (0.254 
inch throat diameter, 32.9 ex i t  area ratio) were in 
the region of 40,000 to 50,000 ft/sec. Velocities 
off the centerline were somewhat lower. A s  a re- 
sul t  of the limited sensit ivity of t h i s  system, data  
could be recorded only for t hose  operating condi- 
t ions which gave an exhaust  region o f  intense 
luminosity. Also, the large sampling a reas  pro- 
hibited accurate velocity profile measurements. 
T h e s e  limitations prompted the design and fabri- 
cation of t h e  velocity meter described in the fol- 
lowing paragraph s. 

A sketch of the second velocity meter design 
is shown in Fig. 5.1 and a diagram of the experi- 
mental test arrangement i s  shown in Fig.  5.2. The 
photomultiplier tubes have a response range of 
3000 to 7500 angstroms with maximum radiant 
sensit ivity of 0.6 amplpwatt a t  4200 angstroms. 
The outputs of the photomultiplier tubes are 
channeled through 400 cycle high p a s s  filters into 
a dual beam oscilloscope. A Polaroid camera w a s  
mounted on the oscil loscope for photographing the  
single sweep t races .  

light received by  the photomultipliers contains 
three apertures and a lens.  Aperture 1 determines 
the s i z e  of the plasma sample; aperture 2 reduces 
stray radiation incident through aperture 1; and 
aperture 3 provides the light source for t h e  lens 

A s  shown in Fig. 5.2, each optical path for 
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Col I imati ng 
tubes 

Photomult 
caseJ 

Photomultiplier i 

F i g .  5.1 Velocity meter and components 

F i g .  5.2 V e l o c i t y  meter t e s t  arrangement 

which dis t r ibutes  the light over the  photosensi- 
t ive cathode of t he  photomultiplier tube. The 
aperture d i sc s  and lenses are contained in the  48 
inch long, 2 inch diameter, stainless s tee l ,  light 

collimating tubes.  

plane and p o s s e s s e s  an accurate  adjustment for 
obtaining exhaust  profile data. 

The velocity meter is moveable i n  the vertical 

5.2 Investigation of signal characteristics experiments was the axial oenterline at the nozzle 
exi t  of a 30 kw watercooled,  hydmgen arc-jet. 
T h e s e  observations of the s ignal  character is t ics  
indicated; 

By performing experiments with the  second ve- that  a constant amplitude (dc) component 
of high magnitude w a s  present  
that  a 180 cps  variation (360 c p s  when the 
arc power supply was full wave rectified) 
was superimposed on the  constant  ampli- 

locity meter design, the nature of the  photomulti- 
plier s ignals  was examined to determine the  fre- 
quencies which could be readily used for the calcu- 
lation of jet velocity. The light source for these  
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tude component with a peak-to-peak magni- 
tude being approximately 1/3 of the  constant 
amplitude component. The source of t h i s  
variation was attributed to the fundamental 
frequency of the arc-jets ignitron power 
supply. 
that low magnibide fluctuations (1% of the  dc  
component) with frequency components in the 
region of 10 to 120 kc were superimposed on 
the 180 cps variation. These  fluctuations 
were random and their cailse h a s  not been 
determined. In calculating the stream 
velocity from the data, these fluctuations 
were separated from the signal components. 
tha t  a high frequency component in  the 1 to 
5 megacycle region and of extremely low 
magnitude was present. This  component 
of t he  s ignal  is attributable to  the  noise  
in t h e  photomultipliers. These fluctuations 
cannot b e  correlated or used to calculate the 
jet stream velocity. 

Analysis of the signal characterist ics indi- 
ca t e s  that the components of t he  signal which can- 
not b e  used  for calculating the  velocity m u s t  be 
removed without modifying the  10 to 120 kc compo- 
nent. Using such frequencies,  the  time difference 
between the two photomultiplier output s ignals  
ranges between two and s ix  micmseconds. 

Three typical oscil loscope single sweep photo- 
graphs of t he  photomultiplier output s ignals  are 
presented i n  Fig.  5.3. The ac  coupling of the  scope 
removed the  constant  amplitude component and a 
400 cps high pass filter removed the 180 cps  com- 
ponent of the signal. The scope t races ,  therefore, 
contain only the  random 10 t o  120 kc signal and 1 to 
5 Eegacycle  noise.  

reveal two undesirable limitations on th i s  method 
of data  recording; f irst ,  t he  high frequency noise  
makes exac t  determination of t he  location of peaks 
difficult and the  errors encountered in measuring 
the dis tance between peaks can be large (for the 
velocity calculated from the  data  of Fig.  5.3c, an 
error of 0.5 microseconds corresponds to a calcu- 

- 

Close analysis  of the  photographs i n  Fig. 5.3 

lated velocity error of approximately 7000 f t /sec.  
out of an estimated 50,000 f t / sec  velocity). Second, 
due to the random occurrence of these  fluctuations, 
many oscil loscope t races  do not contain the 10 to 120 
kc variations. Repeated experiments have shown an 
occurrence of approximately 50%. 

5.3 Preliminary signal correlution 
exp e rim en  ts 

Experimental procedure 

Since the photographing of the s igna ls  dis- 
played on a n  oscil loscope appeared to  be inade- 
quate for determining velocit ies a new method of 
data acqu isition-reduc tion was investigated. In 
this approach, t he  two photomultiplier output sig- 
nals were recorded on separate  channels of a 
magnetic tape  in  the amplitude modulation mode 
and at a speed of 60 inches per second. This  gave 
a maximum system recording frequency response of 
120 kc. Thus,  a large quantity of data  was con- 
tained in each sample. By decreasing the tape 
speed upon playback to 1-7/8 inches per second 
and passing the  s ignals  through identical band 
pass  fi l ters into an analog signal correlator, a sta- 
tistically-averaged phase shift for specific frequen- 
cy bands of the two s igna ls ,  was establ ished.  The 
stream velocity was then computed from the 
frequency and phase shift data by the relation 

fd 

8 
v = 3.60 x lo2 -, (5.1) 

where v stream velocity ( f t / sec) ,  
d = entrance aperture separation (feet), 
f = center  frequency of frequency band 

8 E measured phase angle (degrees). 
( cy c le s / s ec  1, 
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a. 
b. 
C. 

d. 
e. 
f. 
9. 

Description: D is to r t ion  due to  presence of h igh 
frequency noise i s  shown. One minimum on th i s  
photograph enables a calculat ion of the veloci ty.  
Fluctuat ion frequency is  20 t o  30 kc. 

Cond it i on s 

Arc power 21 .O kw 
Propellant f low rate 3.44 x Ib/sec 
E x i t  enthalpy 59,000 B/lb 
Chamber pressure 199 torr 
Scope sweep rate 5 psec/cm 
Radial posi t ion 0.3 above ax is  
Calculated ve loc i ty  47,000 ft/sec 

Condit ions 

a. Arc power 21.0 kw 
b. Propellant f low rate 3.44 x Ib/sec 
c. E x i t  enthalpy 59,000 B/lb 
d. Chamber pressure 199 torr 

e. Scope sweep rate 
f. Radial posi t ion On ax i s  

5 p sec/cm 

Description8 No d is t inc t  maximum or minimum i s  
present on th i s  photo due to  the presence of h igh 
frequency noise. The 20 t o  30 kc signal i s  similar 
on both channels. 

Condit ions 

a. Arc power 27.0 kw 
b. Propellant f low rate 3.53 x lom4 Ib/sec 
c. E x i t  enthalpy 72,500 B/lb 
d. Chamber pressure 215 torr 
e. Scope sweep rate 
f. Radial posi t ion On ax i s  
g. Calculated ve loc i ty  47,000 ft/sec 

5 p sec/cm 

Descript ion: H igh  frequency noise i s  present but 
approximate ve loc i ty  can be calculated from the 
minimum. 

Fig. 5 . 3  Osci l loscope traces of veloci ty meter photomult ipl ier outputs 
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1 

2 

The signal correlation w a s  accomplished by a 
VcDonnell analog signal correlator with maximum 
response of 5 k c  which necessitated the use of t he  
tape speed reduction process.  Correction was nec- 
essary in the data analysis  for phase shifts attr ibub 
able to the tape equipment and band pass  filters. 

The frequency range chosen to  correlate the 
signals was 20 to 120 kc. This  frequency range 
was divided into 8 frequency bands so that accurate 
phase angles a t  each  center frequency could be es- 
tablished. The frequency bands were selected s o  
that  the rat io  of center frequency to  the bandwidth 
of the fi l ters a t  each frequency band was approxi- 
mately equal. The frequency bands and center 
frequencies before and after speed reduction are 
l isted in Table 5.1. 

20-25 22.5 625-78 1 703 

25-31 28 781-969 785 
- 

Table 5.1 Data correlation frequency bands 

3 

4 

5 

Band 
number 

31-39 35 969-1219 1094 

39-49 44 1219-1531 1375 

49-61 55 1531-1906 1719 

Frequency Frequency 
band at band at 

Center 1 -7/8 Center 

6 

7 

8 

61-76 68.5 1906-2375 2141 

76-95 85.5 2375-2969 2672 

95-120 107.5 2969-3750 3359 

speed of 60 inches per second s o  that a sufficient 
number of peaks could be statist ically averaged. A s  
shown by Fig.  5.4, the data acquisition system in- 
cluded the  dual beam oscil loscope to  monitor t he  
taped s ignals .  

Light incident 
on photomultipliers 

 photomultiplier^^^^,^^^^^^ high pass gain Preamps - 20 
I I I , 

1 
Reproduce 
amplifiers Y Direct mode 

Duo I beam 
osci I loscope 
and camera 

F i g .  5.4 Signal path for data  acqu is i t ion  

To reduce the data ,  the taped s ignals  were re- 
produced through the equipment shown in Fig. 5 .5 .  
The analog s igna l  correlator output represents the 
average cosine of the phase angle between the 
two input signals applied to the  correlator. This 
was recorded on a strip chart. The stream veloc- 
ity was then calculated by Eq. (5.1). 

Aperture gap variat ion tes ts  

Since the andog  sipla! correlak: ~ u t p u t  rep- 
resents  the average cosine of t he  phase angle be- 
tween the two input s ignals ,  i t  i s  inherently insen- 
si t ive to low phase angles. This  places a lower 
limit on the dis tance between apertures for a given 
jet velocity. Also, an upper limit i s  imposed on the 
aperture separation distance due to the absence of 
signal similarity. In order t o  determine the aperture 
gap most suitable for measuring t h e  jet velocities 

The data  were acquired by sighting the two 
velocity meter apertures along a plane a t  right 
angles to the nozzle e x i t  plane with the upstream 
aperture sighted on the nozzle exi t  plane. The out- 
put signals of the photomultiplier tubes were record- 
ed on tape for a period of 20 seconds a t  a tape 

31 
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oscilloscope 
' and camera 

Reproduce Band pass 
recorder amplifiers fi lters 

Strip Ana log 
chart signa I I recorder I I correlator I 

F i g .  5.5 Signal path for data reduct ion 

under consideration, a ser ies  of tests were per- 
formed in which the aperture gap was varied from 
0 to  2.0 inches in 0.25 inch steps. Mirrors were 
located in the optical  path such that  the apertures 
were aligned on the je t  centerline. Data were re- 
corded a t  each interval. The water-cooled 30 kw 
hydrogen arc- je t  was stabilized a t  the bulk stag- 
nation enthalpy level of 45,000 B/lb and data 
samples were recorded for each  mirror position for 
20 seconds.  In addition, eight s ine wave calibra- 
tion s ignals  were recorded to es tabl ish the phase 
shift attributable to the tape recorder and data 
red uc ti on e quipm en t. 

scat ter  of data  points a t  each  aperture separation 
i s  appreciable and greater than desired, especially 
a t  the two higher frequency bands (center frequen- 
c i e s  of 85.5 and 107.5 kc). Analysis of the resul ts  
revealed that  the accuracy of t he  velocit ies a t  
separations below 1.0 inch was  poor due to poor 
resolution a t  low phase angles. Also, poor signal 
correlation (signal similarity) a t  2.0 inches gave 
unreliable velocit ies.  However, the tests gave 
consistent and repeatable resul ts  for aperture gaps 
of 1.0 to 1.7 inches,  the optimum being 1.5 to 1.7 
inches. 

The phase angle calibration results showed 
that the correction was small for signal frequencies 
up to 60 kc .  It then increased to  approximately 30° 
a t  100 kc. 

. The graphical results in Fig. 5.6 show that the 
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F i g .  5.6 E f f e c t  of  aper ture  separat ion and 

s ignal  f requency on ve loc i ty  
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Pre l iminary  v e l o c i t y  pro f i le  t e s t s  

A se r i e s  of experiments were performed to 
determine if a nozzle ex i t  plane stream velocity 
profile could be establ ished by the velocity meter 
using the signal correlation approach. For these 
tests the velocity meter was positioned so that  t he  
upstream phototube was sighted a t  the nozzle exi t  
and t h e  second phototube was positioned 1.7 
inches downstream. The 30 kw water-cooled hydro- 
gen arc-jet was stabil ized a t  the bulk stagnation 
enthalpy level of 45,000 B/lb. Data samples were 
taken a t  0.1 inch radial  intervals from +0.7 to  -0.7 
inches off the nozzle axis.  Each sample was 20 
seconds in length. The gain of the system was 
not adjusted,  making the signal level recorded on 
the tape higher near the center and lower near the 
edge of the jet. The calibration signal was re- 
corded in the same manner a s  was done for the 
aperture gap variation tests. 

The resul ts  showing the nozzle  exi t  plane ve- 
locity profile are  presented in Fig.  5.7. The data 
scat ter  for t hese  tests i s  approximately +15% in 
the region of the jet centerline. A frequency sen- 
si t ivity i s  apparent. The large da t a  scat ter  in the 
outer regions (beyond 2 0.5 inches)  i s  attribut- 
able to the  low signal amplitude in t h e s e  da t a  sam- 
ples. The  system signal gain was not adjusted for 
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F ig .  5 . 7  Velocity meter data analysis by cross correlation 

t hese  tests. Thus ,  the da ta  samples from the  l e s s  
luminous portions of the exhaus t  contained l e s s  
signal.  The  analog s ignal  correlator indicates  
approximately 90’ phase  shift  (no correlation or 
random noise)  for the da t a  beyond 0.5 inches off 
the  jet axis ,  especial ly  a t  the higher frequencies. 
The  da ta  points below the dashed l ine in  Fig.  5.7 
are from da ta  samples in which the s ignal  strength 
was  sufficient to provide a s ignal  correlation. 

was  used t o  run the arc-jet  for these  tests and the 
photomultiplier output s igna ls  were monitored and 
photographed. Comparison of these  s ignals  with 
those made during the  aperture gap variation tests 
using the ignitron half wave power supply showed 
no detectabie deviaiioii iii signal  character as  z 
resul t  of the change in the  fundamental frequency 
and ripple content of the  power supplied to  thearc .  
I t  has  been previously reported (Ref. 5.1) tha t  the 
random fluctuations are  caused by variations in 
the arc-jet power supply. 

A selenium full wave rectifier power supply 

Photomult ip l ier  frequency sens i t iv i ty  tests  

velocity profile tests resu l t s  could be  attributable 
The  frequency sensit ivity of t h e  preliminary 

to the  physical  s ta te  of  the exhaus t  o r  due t o  fre- 
quency sensi t ive velocity meter components. The  
recorded calibration s ignals  indicated tha t  the fre- 
quency sensit ivity was not  attributable t o  the tape 
recorder and d a t a  reduction apparatus. A bench 
test of t h e  400 cps  high p a s s  f i l ters  showed no 
significant phase shift  of one  fi l ter  with respect  
to t h e  other from 10 to  120 kc. Therefore, t h e  only 
remaining components which could c a u s e  phase 
shift  were the photomultipliers. Therefore, a se r i e s  
of Kerr ce l l  bench tests were performed to determine 
any “ t i m e  of transit” differential of frequency sen- 
si t ivity in the two phototubes. 

To test these  tubes, a Kerr ce l l  equipped with 
the necessary polarizers was used as a high 
speed shutter and a standard tungsten lamp served 
a s  the light source. The experimental arrange- 
ment for these  tests is shown in Fig. 5.8. Light 
fluctuation frequencies up to  60 kc were produced 
with this  equipment. The alternating voltage 
which powered the  Kerr ce l l  was  displayed on one  
beam of a dual  beam oscilloscope and the photo- 
multiplier output was  displayed on the other beam. 
The Kerr ce l l  shutter was operated in 10 kc steps 
from 20 t o  60 kc.  A phase relationship which 
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F i g .  5.8 Experimental apparatus 

for Kerr ce l l  experiments 

would be attributable to  the photomultiplier could 
then be made from photographs of the oscil loscope 
single sweep t races  obtained a t  each  operating 
frequency. The procedure w a s  identical in tes t ing 
each photomultiplier. 

The resul ts  showed that a 60' phase shift  
exis ted in the  photomultipliers a t  40 kc. However, 
within a 5' resolution, the phase shift  in each 

.tube a t  each  frequency from 20 to  60 kc was 
identical. These  results led to  the conclusion 
that  the frequency sensit ivity observed in the 
velocity profile experiment w a s  not attributable to  
the photomultipliers. 

T a p e  recording tes ts  

determine the repeatability and limits of accuracy 
of the tape recording process. Specifically, the 
purpose was  to  determine the repeatability of 
the magnitude and shape of the correlator output 
for a given data sample and, in addition, to  deter- 
mine if any phase sh i f t  exis ted a s  a function of 
location on t h e  tape.  

The procedure for the repeatability experi- 
ments  was to  record a 22.5 and a 107.5 kc s ine 
wave and reproduce them through t h e  band pass 
filters into thc: analog signal correlator over a 
period of several  days (traversing through them a 
total  of 10 times). On a separate  tape,  20, 40 and 

A ser ies  of' experiments were  performed to 
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60 k c  sine wave data  samples were recorded for a 
period of 20 seconds each  a t  the beginning, center,  
and end of the tape reel .  

The resul ts  of these  tests indicated that  non- 
systematic errors are  inherent in the s ignal  tape 
recording process ,  but tha t  they are  not sufficient 
in magnitude to account for the large data  scat ter  
observed in the preliminary velocity profile experi- 
ments. The reproducibility of a single data  
sample was within t 3 O  a t  22.5 and +7O a t  107.5 kc 
for the  10 t raversals .  Considering the effect  of 
position on the tape ,  typical resul ts  showed a t7O 
error at  20 kc. These  errors cannot be eliminated 
by calibration because they are  not systematic and 
thus,  an estimated 5% uncertainty i s  introduced in 
the calculated velocity due to the s ignal  tape 
recording process.  

5.4 Velocity profile measurements 

Further analyses  of the preliminary s ignal  
correlation experimental procedures and resul ts  
indicated tha t  two possible improvements could be  
made. The f i rs t  was t o  provide the velocity 
meter with an angular adjustment so that each  data  
sample would be taken along a stream line. One 
aperture was sighted a t  the nozzle exi t  plane and 
the other 1.7 inches downstream. Thus ,  for the cen- 
terline sample only, a line which would connect the 
apertures would be perpendicular t o  the nozzle 
exi t  plane. In the previous t e s t s ,  the line between 
the two apertures was always parallel  t o  the jet 
axis .  The second improvement involved adjust- 
m e n t  of the photomultiplier gains so that a 1.0 volt 
rms signal strength w a s  recorded on the tape for 
each sample.  

bulk stagnation enthalpy level of 45,000 B./lb (Fig.  
5.9) and another at 60,000 B/lb.  Data samples  were 
recorded a t  0.10 inch radial intervals traversing 

Two ser ies  of tests were performed; one at a 
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the nozzle exit  plane vertically from +0.7 to  -0.7 
inches. The  resul ts  of the velocity profile meas- 
urements for the 45,000 B/ lb  enthalpy tests are 
shown in Fig. 5.9. The signal strength in the 
upper 3 frequency bands was less than the 0.10 
volt  rms required for the signal correlator. There- 
fore, only the  data for the  5 lower frequency bands 
are  presented. 

The  frequency sensit ivity character is t ics  of 
the velocity profile measurements are  apparent in 
Fig.  5.9. The  measurements near the edge of the 
jet are  more sensitive to frequency than those 
nearer the jet centerline. I t  is observed tha t  the 
peak velocity occurs below the jet centerline. 

The da ta  scatter is attributed - at l ea s t  in 
part - to the dark current noise which is present in 
the photomultiplier output even when no  light is 
striking the photosensitive cathode. Although a 
quantative analysis  is  lacking, it is evident tha t  
the da ta  scat ter  is less  for high s igna l  t o  noise  
ratios.  The s ignal  strength is lower at the higher 
frequencies and lower a t  the edge of the jet be- 
c a u s e  of the low luminosity in th i s  region. Hence, 
the da ta  scatter is greater for those conditions as 
shown on the graph. 

If a minimum signal strength of 0.15 volts rms 
is used as a criterion for the acceptance of data  
points,  the data  scatter is reduced to approximate- 
ly ?5% for a l l  data  within k 0 . 5  inches of the jet 
ax is .  The  da ta  points below the dotted line in 
Fig.  5.9 represent signal strengths greater than 
0.15 volts rms. 

These  velocity profile measurements a t  the 
low bulk stagnation enthalpy conditions (45,000 
B/lb)  appear to  be valid. The shape of the pro- 
f i les  are reasonable in that  they peak near the jet 
centerline and decrease t o  the jet boundary. 
Energy balance calculations and comparison with 
the thrust  measurements a l so  indicate that  the 
magnitude of the velocities are reasonable. 

enthalpy level  showed a larger scat ter  of da ta  than 
the 45,000 B/lb tests and the effects  of s ignal  

The  velocity profile tests a t  the 60,000 B/lb 

- 

: e. 

i *:. 
. .  . .  

- Sample from 0.5 inches . .  . .  . .  . .  . .  . .  . .  . .  below jet axis . . .  I I 

frequency were more severe.  The  resul ts  at a l l  
frequency bands showed tha t  the  peak velocity oc-  
curred 0.30 inches above the jet centerline.  T h e  
magnitude of the phase shift  of specif ic  frequency 
bands at each  exhaust  position did not  necessar i ly  
repeat. 

of arc-jet veloci t ies  by th i s  approach assumes 
tha t  the random fluctuations travel a t  the stream 
aerodynamic velocity. A t  present, the nature of 
t hese  fluctuations are  not known, but the assump- 
t ion appears valid for an  arc-jet exhausting into a 
vacuum. However, Freeman and L i  (Ref. 5.2) 
observed tha t  the  natural fluctuations exis t ing in 
an  arc-jet exhausting into an ambient atmospheric 
pressure contained components which did not 
travel a t  the stream velocity. 

T o  investigate the frequency distribution of 
the random fluctuations as a function of position 
across  the exhaust ,  two samples  from the 45,000 
B/lb tests were re-recorded and a power spectral  
densi ty  ana lys i s  was  performed. The  samples  
included one from the jet centerline and one 0.5 
inches off the centerline.  The  resu l t s  are  shown 

It should be reiterated that the determination 

.' 

. 

,-Sample from jet axis 

1 1 I I 
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0' 
0 20 40  60 80 

Signal frequency (kc) 
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Fig. 5.10 Power spectral density of fluctuations 

emitted from hydrogen exhaust 
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in Fig. 5.10. It appears that most of the signal 
energy is below 40 kc and that the lower frequencies 
predominate in the  sample off the jet centerline. 

5.5 H i g h  frequency correlator 

The previous test resul ts  show the necessity 
of reducing the frequency sensi t ive data charac- 
ter is t ics  and demonstrate a need for determining 
the validity of the calculated velocit ies from the 
velocity meter data.  Also, a s  borne out by 
previous experiments, the recording of t h e  photo- 
multiplier output signals on tape has  introduced 
an uncertainty in the results and has required a 
difficult and lengthy data  reduction procedure. 

The design of a special  high frequency analog 
signal correlator which would reduce the effects 

. of the above difficulties was initiated. By extend- 
ing the frequency response to 100 kc, the neces- 
s i ty  of taping the signals would be eliminated. 

Inclusion of a continuously variable delay 
line i n  the phase leading input would enable 
performance of s ignal  c ros s  correlation which i s  
independent of s ignal  coherence. I t  appears that  
the frequency sensit ivity of the velocity measure- 
m e n t s  illustrated in the previous tests is  caused 
by the operation of the correlator with partially 
dissimilar s ignals  in the cos  8 mode. A s  the rms 
signal voltages decrease,  the  effects of incoherent 
noise become significant and thereby, t h e  correl- 
ator gives a resultant calculated velocity which 
would tend to  be higher than actual. By measur- 
ing the required time to bring the two input sig- 
na l s  into phase by means of the delay line in the 
c r o s s  correlate operating mode, the deleterious 
effects  of signal dissimilarity are eliminated. 

The degree of signal similarity would aid in 
determining the validity of the calculated veloc- 

~ 

i t ies  from the velocity meter data.  The velocity 
meter does  not “see” a point in the plasma, but 
rather, “sees” a cross-section through t h e  
plasma. Thus,  contributions due to  fluctuations 
which are  not in the region of the point will be 
present in the photomultiplier outputs. If the 
radial dimensions of the intensity distrubances 
are large relative t o  the nozzle diameter, t h e  
integrated intensity observed by sighting through 
the exhaust should change the character of the 
signal a t  each phototube. This  being the c a s e ,  the 
signals would not correlate. Therefore, the cri- 
terion which is  acceptable for determining a veloc- 
ity from the velocity meter data i s  the proof of 
similar signals.  Th i s  proof can be established by 
an auto-correlation cross-correlation process 
described in the following paragraphs. 

The special  high h q u e n c y  corrclator was 
designed t o  the following specifications: 

0 signal correlation capability from 1,000 to 
100,000 cps ;  

0 correlation frequencies to be limited in a 
specific data  sample by means of band 
pass  fi l ters;  

0 the correlator to  have the following oper- 
ating modes: auto-correlate, cross-corre- 
la te ,  and c o s  8 ;  

0 a variable time delay in one channel from 
0.5 microsecond t o  12 microseconds with 
0.1 microsecond resolution; 

0 measureable rms voltage levels of the 
filtered photomultiplier outputs. 

T e s t s  with the high frequency correlator and 
the hydrogen arc-jets have not yet begun. It is 
anticipated that  the tests will be performed with 
the  hydrogen arc-jets in the following manner. 

In operation, the frequencies a t  which natural 
random fluctuations are observed are divided into 
bands. The selection of these bands are made 
with the variable band p a s s  filters. With t h e  arc- 
jet operating and the correlator switched t o  the 
cross-correlate mode, the rms level of each fil- 
tered photomultiplier output i s  adjusted so  that  
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the signal strengths applied to  the correlator in- 
puts are equal. The delay line is switched into 
the phase leading input until the correlator output 
pas ses  through a maximum. This  procedure will 
define a curve which mathematically may be 
expressed a s  

where R,, - cross-corre lation function, 
x(t) = phase lagging signal,  
y( t )  = phase leading signal,  

T = time delay 
A typical curve defined by th i s  process is  shown 
in Fig.  5.11. A s  the two signals x(t)  and y( t )  are 
brought “in-phase’’ by varying T ,  Rxy will pas s  
through a maximum. This  value is  designated a s  
ro on the graph. The above procedure i s  repeated 
for a l l  frequency bands in which the  spectral  den- 
si ty is  sufficient to give a t  l ea s t  a minimum signal 
strength a t  t h e  correlator inputs. 

h 

C 
0 

U 
C 
3 

C 
0 

0 

.- 
t 

Y 

.- 
t 

- : 
Y 

2 
In 
In 

U 

x 
X 

v 

I 

T O  

Time delay, r 

F i g .  5.1 1 Cross cor re la t ion  funct ion  

versus d e l a y  t ime 

Upon completion of the correlation process,  
an auto-correlation is accomplished with the up- 
stream photomultiplier output. The auto-correl- 

ation is performed in the same frequency band at 
which the cross-correlation output was maximum. 
In this  function, mathematically the following is 
performed: 

where R,, = auto-correlation function, 
x(t)  = signal applied to  both correlator 

inputs, 
T = t i m e  delay. 

A typical curve defined by this process i s  shown 
in Fig.  5.12. In auto-correlating, the s ignals  are 

r = O  

Time delay, T 

F i g .  5.12 Auto correlation function 

versus delay t ime 

“in-phase” a t  T = 0 and therefore R,, i s  maximum 
a t  r = 0. A s  r i s  increased from 0, the magnitude 
of R,, decreases .  Together, the auto-correlation 
and cross-correlation functions will give an index 
of signal similarity which is a definite indicator 
of the validity of the velocity computed from the 
data.  Th i s  index of signal similarity i s  defined 
by 

Rxy ( r  = r o )  

R,, ( T  = 0) 
I =  
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The frequency band which gives the highest sig- 
nal similarity index i s  used to obtain data  from 
which velocity calculations are made. 

ity from the data. Firs t ,  it may be obtained from 
There are two methods of obtaining the veloc- 

I 

v (f t /sec)  = 0.15/r0, 

where r0 = time delay when RXy is a maximum. 
Or, the correlator may be switched t o  the cos  8 
mode and its output displayed on a strip chart re- 
corder. The plasma stream velocity is then 
computed from 

v (ft/sec) = 51fo 18,  

I where f o  = band center frequency ( c y c l e s / s e c ) ,  

I 8 = measured phase angle (degrees). 
The method which gives the bes t  resolution will 
be used. 

I 

Photometric velocity meter observations of 

I the arc region are  planned to investigate the 
nature and cause  of t h e  random light fluctuations. 
They may be inherent in the arc processes;  they 
may be caused by arc-electrode attachment and 
detachment; or other reasons may account for 
their presence. 

stream by means of a spark discharge or similar 
technique and determine the exhaust stream 
velocity by means of t he  velocity meter. These 
resul ts  will then be compared with those obtained 
by the present technique using the inherent light 
fluctuations. 

I .  

It i s  a l s o  planned to “pulse” the plasma 

5.6 Conclusions 

The resul ts  of the photometric velocity 

1.  The present velocity measurements are 
sensi t ive to the signal frequency. 

2. The recording of the photomultiplier output 
s ignals  on tape introduced an uncertainty in 
the resul ts .  

of the calculated velocit ies from the veloc- 
ity meter data.  

4.  A high frequency correlator should allevi- 
a te  the frequency sensitivity and taping 
problems and determine the validity of t he  
velocit ies calculated from the velocity 
meter data.  

experiments indicate: 

3. A need ex i s t s  for determining the validity 
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6 Electron beam 

The feasibil i ty of using an electron beam a s  
a density probe for measurements in rarefied gas  
flows has  been successfully demonstrated by 
Hurlbut (Ref. 6.1). However, the feasibility of u s -  
ing th i s  techn'ique t o  measure density distributions 
in a hydrogen arc-jet exhaust where the static pres- 
sure  is an order of magnitude greater than that  in 
Hurlbut's work, has  not been successfully 
demonstrated . 

described herein was  to apply th i s  technique, if 
possible,  t o  density measurements in a hydrogen 
arc- j e t exhaust  . 

The purpose of the electron beam experiments 

6. I Theoretical considerations 

The expression required to deduce the density 
distribution of a n  axisymmetric jet from measure- 
ments of beam transmission is presented in Ref. 1.1 
In that  analysis  the beam originates at a point and 
is moved through an angle which allows it t o  trav- 
e r s e  the cylindrical exhaust  from the centerline to  
its maximum diameter. If the beam traverses the 
exhaust  in a direction always normal to  a single 
vertical plane through the ax is  of the exhaust  
as in Fig.  6.1, the applicable expression is: 

n(r) - n1 = - , (6.1) 

where n(r) = number density in the exhaus t ,  
n1 = number density in the region sur- 

rounding t h e  exhaust ,  

section. 
Q = total electron scattering cross 

The  other quantities are  defined in Fig.  6.1. 

Y 

Detector 
(movable) 

* X  

F i g .  6.1 Diagram for explanat ion of e lectron 

beam attenuat ion theory 

In order to obtain an estimate of the accuracy 
with which the  ratio I(y)/Io must be measured t o  
yield meaningful density profiles, it was decided 
t o  analytically determine the transmission rat ios  
in an axisymmetric exhaust assuming various t em-  
perature distributions across  the jet. Figure 6.2 
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R, = 0.394 inches f 
R = 1 .OO inch e 10-4 - 

3 I 

depicts  the arc-jet exhaust model used for t hese  
computations. The following assumptions were 
made : 

0 The dis tance between the  electron emitter 
and collector perpendicular t o  the exhaust 
centerline i s  5 inches.  

0 The exhaust exit plane diameter i s  2 
inches ( R  = 1). 

0 The ex i t  plane pressure (exhaust s ta t ic  
pressure) is 2 torr and constant across  the 
nozzle exi t  plane. 

0 The temperature decreases  parabolically 
from the jet centerline to  2,000°K at Ro. 

0 The region surrounding the jet is a t  a temp- 
perature of 2,000°K and a pressure of 0.2 
torr. 

0 

? 

temperature and pressure 

R, = 1.00 inch 
40,000'K = axi/s tempetature R = 1 .OO inch 

F i g .  6.2 Cross section of arc-jet exhaust 

The resul ts  of the calculations for several  
ax is  temperatures are shown in F igs .  6.3 and 6.4. 
In Fig.  6.3  the temperature distribution i s  peaked 
about the centerline,  and in Fig.  6.4 the temper- 
ature gradient extends over the entire diameter of 
the jet exhaust.  

6.2 Development of apparatus 

Thc electron beam apparatus used in the 
original tests on the arc-jet exhaust  i s  shown 
schematically in Fig. 6.5. The significant features 

0.2 0.4 0.6 0.8 1.0 1.2 
Off ax is  position (y/R) 

F i g .  6.3 Calculated transmittance ratio as a 

function of off axis position 

'5000°K: 
I I I- I : 5 10-7 

I- 

0.2 0.4 0.6 0.8 1.0 1 
10-Bo 

Off ax is  posit ion (y/R) 
2 

F i g .  6.4 Calculated transmittance ratio as  a 

function of off axis position 

of th i s  apparatus are  that  the collector has a solid 
angle cone of acceptance of approximately 2n, 
thus  allowing scat tered electrons to  reach the  col- 
lector. Also the apparatus provides no means of 
measuring the  beam current entering the gas .  

th i s  apparatus,  a large background current w a s  
In tests conducted on an arc-jet exhaust  with 
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observed a t  the ollector. Th i s  was ttributed to 
the ionized gas of the exhaust  plume. It was de- 
cided that tests should be run in gases  a t  room 
temperature to determine the validity of the hard 
sphere scattering model assumed in the derivation 
of Eq (6.1) and a l so  to  develop components that  
might be incorporated into the final apparatus. 

Permanent magnets 
to position beam 
on IMM aperture 

B 
E l e c t r o n l '  gun 1 I \ v i  

Vacuum tank To oil  diffusion 
and mechanical 

Deflection coils 

pumps '-IMM aperture piate 

Collector 
posit ion ing 

knobs 

F i g .  6.5 Schematic diagram of 

original electron beam apparatus 

A schematic diagram of the first  cold gas  
apparatus i s  shown in Fig. 6.6. The electron gun, 
a commercial type,  is shown schematically in Fig.  
6.7. The  gun is  focused electrostatically and con- 
trol of the potential of the various electrodes i s  
provided by the voltage dividing network shown in 
the circuit  diagram of Fig. 6.8. It will be noted that 
instead of the cathode being a t  ground potential 
and the anode a t  a high positive potential ( lo4 
volts)  a s  is  normally the c a s e ,  the cathode is 
maintained a t  lo4 volts negative and the anode i s  
a t  ground potential. One  reason for t h i s  i s  that  t he  
field extablished between the vacuum tank on 
which the arc-jet i s  mounted and a high potential 
anode would tend t o  diffuse the beam. In addition, 

problems of arcing between the anode and the 
vacuum tank might appear. 

,-Beam collimator and pressure plate 

To vacuum To vacuum 
Pump 2 PA 

Pump 1 
I 1 

F i g .  6.6 Schematic diagram of 
electron beam apparatus 

Glass neck 

F i g .  6.7 Schematic diagram of electron gun 

To provide a s table ,  low pressure atmosphere 
for the electron gun, a plate containing a 0.010 
inch diameter hole i s  located between the gun 
cavity and the region containing the gas  to  be 
studied. With this  s i z e  hole a pressure of 8 x lo-* 
torr can be maintained in the gun region. The 
beam from the electron gun i s  directed through the 
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beam collimator aperture by means of permanent 
magnets surrounding the  gun cavity. This  magnet 
is adjusted mechanically. If the gun i s  not lo- 
cated in i t s  cavity so that  only a small deflection 
is required t o  p a s s  to beam through the  aperture, 
a diffusion of the beam occurs. 

Micro Micra 4 Amp M c r ~ r  

.I". 
I 

l500K 

6 Me.i < I 

a plasma at tenuates  the beam, a negative potential 
must be applied t o  the  screens.  Th i s  potential 
barrier serves  to  shield the probe and the collector 
from the plasma. 

The  final collector assembly cons is t s  of a 
collimator and the  collector i tself .  The collimator 
def ines  the cone of acceptance of the collector and 
contains two 0.031 inch diameter holes four inches 
apart. The collector i s  located immediately 
behind the l a s t  of these holes and i s  insulated 
from the  collimating section. The  collecting sec-  
tion can  be replaced with a Plexiglas  window 
coated with a phosphor compound t o  aid in align- 
ment of the apparatus.  

Several tests were performed in hydrogen, 
helium, and argon using t h e  system shown in Fig.  
6.6 without a collimator a t  t he  final collector.  In 
making these measurements, the pressure in the 
gas  region w a s  adjusted t o  a predetermined value; 
the probe was inserted to  measure the  beam cur- 
rent entering the test section; the probe was re- 
tracted and the final collector assembly was used 
t o  measure the unscattered beam current passing 
through the gas .  

which the values  of Io were repeated for three 
consecutive measurements. 

Figure 6.9 shows the resul ts  of t hese  tests in 

F i g .  6.8 Electron beam power supplies 

After the beam is passed through the aperture 
separating the gun region from the test region, a 
probe i s  used to measure the unattenuated beam 
current, Io. This  probe consis ts  of a Plexiglas  
arm which holds a brass collector which - in turn 
- is connected to the microammeter by an insu- 
lated wirc. A mechanical linkage i s  provided to  
move the probe into the beam. 

The plasma shielding screens are grounded 
w h e n  cold gas  i s  being studied and serve only to  
carry off electrons scattered from the beam. When 

1 .o 

Y, 0.8 

h 

0 
t: 
0 

L u.0 
0 
U 

Pressure (torr) 

F i g .  6.9  Elect ron  beam co ld  gas t ransmit tance 
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In using the  apparatus to  perform these cold 
gas  density t e s t s ,  it became evident that  several  
modifications were necessary. Specifically, a 
more stable low pressure environment was re- 
quired for the electron gun; greater flexibility was 
desirable in the alignment of the components and 
apertures; and i t  was necessary to decrease the 
distortion of the electron beam by the positioning 
devices  and apertures.  

The electron beam system was modified a s  
shown in Fig.  6.10. The aperture in the plate sep- 
erating the test section from the gun cavity was 
reduced from 0.010 inch diameter to 0.004 inch 
diameter and t h e  capacity of the mechanical pump- 
ing system attached t o  t h e  oil diffusion pump was 
increased. A l l  apertures were fabricated from 
nickel instead of the alurninum originally used in 
order to  reduce the amount of corrosion produced 
by electron bombardment. With these changes,  a 
pressure of lov5 torr could be maintained in the 
region of the electron gun. . 

Collector -, 

Collector collimator assembly A 

F i g .  6.10 Schematic diagram of 
electron beam apparatus 

T o  provide greater alignment flexibility, an 
assembly was added which allowed the axis of 
the collector t o  be aligned with the  electron beam. 

Thi  s assembly cons i s t s  of a bellows for attaching 
the collector t o  the vacuum system. A universal 
joint provides freedom of motion of this  assembly. 
The collector assembly i s  aligned by adjusting the 
s e t  screws shown in Fig.  6.10. For positioning the 
electron beam on the initial collector aperture, 
electrostatic deflection plates were added external 
to the electron gun cavity.  Addition of t hese  
plates necessitated changes in t h e  voltage divid- 
ing network. The revised circuitry is shown in 
Fig. 6.11. The deflection plates produced l e s s  dis-  
tortion of the beam than did the electromagnetic 
coil  previously used. T o  decrease the distortion 
of the beam incident on the aperture enclosing the 
gun cavity,  the permanent magnets were replaced 
by a mechanical device which allows the gun it- 
self t o  be aligned with the aperture. 

! 
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The  revised system was successfully aligned 
and used to  obtain the cold gas hydrogen data 
shown in Fig. 6.12. The  initial beam current Io 
was  decreased to  5 microamperes in order to  re- 
duce spreading of the beam from space charge 
repulsion. The beam current, I, observed a t  the 
collector was corrected to account for such 
spreading. An initial beam current of 5 micro- 
amperes was chosen because this current could 
readily be reproduced. 

was to s e t  the hydrogen pressure in the test section 
and measure the value of Io with the probe. The 
probe was then removed and the value of I meas- 
ured. The probe was then reinserted to  check the 
value of Io. 

The procedure followed in obtaining the data 

It can  be seen from Fig. 6.12 that the r a t i o  
V I o  is reproducible within a factor of four for 4 of 
the 5 tests. The data of run 3 is  not consistent 
with the other 4 runs. The discrepancy is  thought 
to  be due to misalignment. 

Without three degrees of freedom in the align- 
ment of the collector, no beam current could be 
measured. It was found that beam alignment was 
very sensit ive to vibration and to minute changes 
in the position of the collector. To obtain each 
data  point, the system was aligned to  produce a 
maximum beam current a t  t he  collector. The appar- 
a tus  contains O-rings and a single rigid bellows 
which are believed to compress or expand slightly 
with variation of test section pressure. These 
sl ight distortions appeared to  be sufficient to 
cause misalignment of t h e  collector system. 

Slight changes in test section pressure reduced 
the collector current t o  zero if a realignment of the 
collector w a s  not attempted. 

0 10 20 30 40 50 60 70 80 90 100 
Hydrogen pressure (torr) 

F ig .  6.12 Transmittance ratio VIo a s  a function of 

hydrogen pressure 

6.3 Discussion of results 

The results of the above experiments indicate e n t  electron beam characterist ics are ammendable 
to  measuring arc-jet density profiles, i t  i s  necess-  
ary t o  compare the experimental resul ts  with the 
analytical  predictions of the transmission ratios.  
It should be noted that  the assumed temperature 
profiles for these calculations are thought to  be 
rather extreme. Hence, i t  i s  fe l t  that  the calcul- 

that  the transmission ratio was reproduced within 
a factor of four for four of the tests. These  results 
were obtained with 5.0 ua a s  the initial beam cur- 
rent Io, resulting in measured transmission ratios 
of the order of 1 x to  5 x 

In order to  extablish whether or not the pres- 
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ated transmittance ratios represent minimum levels  
which m u s t  be achieved with the experimental 
apparatus. 

Consider the two c a s e s  illustrated graphically 
in Figs .  6.4 and 6.5.  Figure 6.4 depicts the trans- 
mission ratio versus off-axis position characteris- 
t i c s  for several  parabolic temperature distributions 
decreasing t o  2000’K a t  R, = 0.394 inches (Fig.  
6.2). For this  c a s e  the gradient of the transmit- 
tance ratio (which is required t o  obtain the  number 
density) i s  sufficiently large that an error of a fac- 
tor of four would yield an approximate value of t h e  
number density. However, the transmittance ratios 

tude lower than have been achieved using the 
pre se n t  apparatus. 

I 
I 

I 

I required (10- 7 to  10- 9 ) are five orders of magni- 

Figure 6.5 presents the characterist ics for 
several  parabolic temperature distributions de- 
creasing to  2000’K at R o  = 1.00 inches. For this  
c a s e  the gradient of I/Io is too small t o  be de- 

tance ratios required (loM3 to  
the range of the present equipment. 

i 
l tected with the present equipment and transmit- 

are s t i l l  below 

A s  a result  of these comparisons i t  appears 

that  the present apparatus does not posses s  suf -  
ficient sensit ivity and the necessary reproduc- 
ibility required to  obtain meaningful density 
profiles in a hydrogen arc-jet exhaust whose exi t  
plane pressure is 2 torr. The reproducibility of the 
apparatus could be improved by more accurate 
alignment of the electron beam components. How- 
ever,  in view of the necessity of traversing the 
exhaust plume, the time required to  obtain an 
accurate alignment could prove prohibitive. In 
addition, the inherent vibration of the vacuum 
system further complicates the alignment problem. 

The ability t o  measure transmittance ratios in 
the range of 10- 5 to 
provement of a factor of approximately 10 4 . This  

would require an im- 

could possibly be attained by raising Io by th i s  
factor. However, an additional problem of beam 
focusing would be encountered. 

Reference 

6.1 F.C. Hurlbut, “Electron Beam D e n s i l y  Probe {or 
Measurements in Rarefied Gas Flows,” J .  A p p l .  Pliys. 

30. 273 (1959). 
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7 Langmuir probe 

The object of this program was t o  investigate 
the use  of single Langmuir probes for measuring 
the electron densi t ies  a t  different axial  and radial 
positions in the exhaust  of a 30 kw hydrogen arc- 
jet. 

Reference 1.1  presents the theory and experi- 
mental resul ts  obtained using single and double 
Langmuir probes in the exhaust of a 30 kw hydro- 

reduction are a l s o  described in that  report. 
’ gen arc-jet. The process  of data  analysis and 

7.1 Experimental apparatus 

An analysis  of the r e su l t s  of the Langmuir 
probe work described in Ref. 1.1 suggested several  
improvements in the experimental apparatus. A 
probe holder having a better aerodynamic config- 
uration was designed t o  eliminate possible inter- 
ferring shocks (Fig.  7 . i j .  Provisions for obtaining 
radial  and axial  profiles were incorporated in the 
positioning mechanism. Also the Langmuir probe 
circuit  was redesigned (Fig.  7.2) so a s  t o  better 
balance out the circuit  noise and t o  provide means 
for recording data  on tape and oscil loscope rather 
than on oscil loscope alone. 

The probe (F ig .  7.1) cons i s t s  of a tungsten 
wire insulated by a ceramic. The insulator is 

Tungsten wire 
diameter = 0.005 inches 

1 k O . 1 8 7 ”  

0 0.5 
Scale - inches 

F ig .  7.1 Langmuir probe 

used tc cover a!! hut the tip of the wire so that  
the surface area of the collector is defined. 

The actuator system (Fig.  7.3) was  fabri- 
cated t o  sweep the probe rapidly through the arc- 
jet exhaust  in order to  prevent excess ive  probe 
damage due to  the high incident heat  flux. A de- 
vice to  s w e e p  the probe through selected planes 
perpendicular to  the jet axis was a l s o  constructed 
and is  shown in this  photograph. 
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G o l t a a e  

Scale - inches 

F i g .  7.3 Langmuir probe axial  posit ion 

measuring device and actuator system 

Figure 7.4 shows the two techniques used t o  
record the probe voltage and current. The  d a t a  
recorded on the  tape sys tem i s  used for primary 
da ta  reduction, and t h e  osci l loscope photographs 
a re  used as a check.  

The power input for the circui t  was  supplied 
by a power amplifier, whose output w a s  taken  from 
two 4 x 150-A tubes .  The s ignal  for the power 
amplifier was  supplied by a 200 AB signal  gener- 
ator. The voltage and current 'were recorded on 
magnetic tape through a fourteen channel  tape  re- 
corder operated a t  60 inches / sec  using a fm re- 
corder amplifier. Also,  the vol tage and current 
were photographed on the osc i l loscope .  

Signal 
genera tor am pl i f  ier 

I L I 

Current 

channel 

Voltage 

c hanne I 
I I 

F i g .  7.4 Langmuir probe instrumentation 
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7.2 Preliminary tests 

The signal voltage was attenuated before it 
was recorded. The voltage, set by a 400 AB r m s  
vacuum tube voltmeter, was noted and recorded. 
A calibrated voltage (?2%) source was applied 
accross  a 10 ohm 1% resistor to provide a current 
calibration. The current and its calibration were 
recorded and prior to the tes t ,  the circuit was 
balanced. The  probe voltage and current were re- 
corded on tape a s  the probe was swept a s  a pen- 
dulum through the hydrogen arc-jet exhaust and 
back again in a period of approximately one sec- 
ond. A separate resistance circuit relates the 
position of the probe in the jet to its angular 
deflection. 

The init ial  tests a t  a bulk stagnation enthalpy 
level of 45,000 B/lb resulted in a breakdown of 

' t h e  insulating material between the probe and its 

holder and in excess ive  heating of the motor 
sweeping the probe through the plasma. These  
difficulties were eliminated and further tests were 
performed a t  the same arc-jet operating conditions. 
The electron densi t ies  calculated from these tests 

3 ranged from 2.6 x 10" t o  5.8 x lo1' electrons/cm . 
These  values are in the range expected based 

on energy balance calculations assuming frozen 
flow a t  the throat. The resul ts  a l s o  indicated that 
the electron density increased a s  the probe was 
s w e p t  towards the centerline of the arc-jet exhaust  
and decreased a s  it was moved away from the 
nozzle exit  plane. 

A local potential of several  volts appeared in  
the arc-jet exhaust  and a dc shift  of the zero point 
of the input voltage and current occured as the 
probe was traversed through the jet. Th i s  pre- 
vented the measurement of electron density pro- 
f i les  using the present equipment. A ground probe 
will be added to the system and further electron 
density measurements w i l l  be made. 
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8 Conclusions 

8.1 Thrust 

The resul ts  of the 30 kw water-cooled hydro- 

1. The double pendulum thrust  stand gives 

2. A slight zero shift  of t h e  system occurs 
during the tests. 

3 .  The spread of data  increases with 
increasing power. 

4. The spread of data  is attributable t o  the 
heating of the  thrust  stand components 
and/or the force transducer. 

gen arc-jet thrust  work indicate: 

reliable thrust measurements. 

I 

Preliminary thrust  measurements on the 30 kw 
radiation-cooled arc-jets indicated a significant 
zero shift  problem. It is concluded that  the force 
transducer was temperature sensi t ive and should 
be thermally isolated.  

2. The  measured stagnation enthalpy values  
reproduce and compare favorably with the 
values  predicted from an energy balance. 

3. The discrepancy between the measured 
propellant mass flow and the  integrated 
mass flux indicates t ha t  the present probe 
design is inadequate for local mass flux 
measurements. The  discrepancy may be 
due to the characterist ics of the local flow 
field at the  probe inlet. 

4. Separate stagnation enthalpy and mass flux 
probes are desirable.  This  is due to the 
incompatibility of the sharp leading edge 
requirements of t h e  mass flux probe and the 
larger leading edges  necessi ta ted by the  
cooling requirements of the enthalpy probe. 

8.3 Photometric velocity 

The resul ts  of the photometric velocity 8.2 Stagnation enthalpy and mass flux 
experiments indicate: 

i. 

2. 
The test resu l t s  showed: 
1. T h a t  local stagnation enthalpies c a n  be 

measured in the exhaust  of a 30 kw hydro- 
gen arc-jet using a water-cooled probe 

under local  stagnation enthalpy levels  up 
t o  approximately 90,000 B/lb. (This  was  

bluk average stagnation enthalpy tests.) 

without physical  deterioration or damage 3 .  

the centerline enthalpy for the  61,000 BAb 4. 

-. 'i'ne present velocity- iiieaa.Gements arc 
sensi t ive to the frequency of the  signal. 
The  recording of the photomultiplier output 
s ignals  on tape introduced an uncertainty 
in the resul ts .  
A need ex is t s  for determining the  validity 
of the  calculated veloci t ies  from the 
velocity meter data.  
A high frequency correlator should allevi- 
ate the frequency sensit ivity and taping 
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problems and determine the validity of the 
velocit ies calculated from the velocity 
meter data. 

8.5 Langmuir probe 

The Langmuir probe experiments showed that  
meaningful electron densi t ies  can be measured in 
the nozzle exi t  exhaust plane of 30 kw hydrogen 
arc-jets. 

8.4 Electron beam 

The present apparatus does not p o s s e s s  suf- 
ficient sensit ivity and the necessary reproducibil- 
ity t o  obtain meaningful density profiles in a 
hydrogen arc-jet exhausting into a vacuum of 2 
torr. 
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9 Appendices 

Tables  9.1 thru 9.4 summarize a l l  of the hy- ated at  more than one  condition in several  tests. 
Numerous points were taken within the ranges given 
in Table  2.2 page 7. 

drogen arc-jet tests performed in the laboratory for 
the  diagnostic experiments. The arc-jet was oper- 

Table 9.1 A r c - i e t  operating conditions for thrust  stand t e s t s  

. 

Report A984 December 1964 

r e s t  no. 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

81 

82 

83 

H ydr ogen 

f low ra te  

(Ib/sec x 10 ) 

3.52 

3.52 

3.52 

3.47 

3.06-4.68 

4 

3.08-4.72 

3.33-4.77 

3.1 1-4.77 

3.90 

3.11-4.72 

3.08-4.72 

3.55 

3 -52 

2.93-4.76 

2.91-4.71 

2.91-4.71 

3 .OO-4.53 

3.00-4.85 

2.97-4.85 

3.58 

Power 

input 

(kw) 

27.2 

27.0 

17-27 

17-27 

26 -30 

26-30 

29-33 

28-33 

30.5 

23-26 

23-27 

17-29 

17-29 

25-30 

26-30 

28-32 

28-32 

23-27 

23-27 

24-27 

E x i t  plane 
stagnation 

enthalpy (B/lb) 

5 1,800 
51,400 

29,600-51,000 

30,500-51,800 

41,800-57,100 

40,300-58,500 

44,200- 60,400 

42,900-61,600 

52,400 

34,600-50,400 

34,600-51,000 

30,200-53,100 

26,700-53,800 

39,000-59,500 

39,000-57,100 

41,600-51,100 

45,2 00- 64,4 00 

33,400-51,100 

33,400-51,600 

43,500-4 9.700 

MCDONNELL 

Thermal  

ef f ic iency 

(XI 

69.0 
69.5 

61-69 

61-69 

68.5 

66- 70 

67 -71 

65-70 

69.0 

64-69 

64-68 

61-69 

59-69 
64-70 

64-70 

63-70 

66 -70 

63- 67 

63-67 

64-69 

Chamber 

pressure 

(torr) 

219 

217 

191-214 

190-2 14 

197-267 

203-273 

21 7-279 

209-279 

242 

195-265 

195-266 

196-221 

192-219 

194-275 

191-268 

197-272 

203-272 

186-268 

186-265 

211-265 
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Tab le  9.1 Arc - ie t  operating condi t ions for thrust stand t e s t s  (continued) 1 99 

100 

~ __ 

Hydrogen 
flow rate 

4 ( I b l s e c  x 10 ) 

~ 

Thermal 
ef f ic iency 

(XI 

Chamber 
pressure 

(torr) 

Power 
input 

(kw) 

E x i t  plane 
stagnation 

enthalpy (B/lb) 
__ 

3.57 

2.95-4.79 

2.95-4.79 

2.97-4.85 

4.02 

4.51 

4.95 - 5.43 

5.40 

3.97-5.38 

5 8- 68 

63-67 

64-6 8 

61-66 

77 

77.5 

78.5 

79.0 

76-79 

192-214 

197-270 

189-270 

188- 268 

197-215 

215-268 

226-271 

243-265 

190-257 

17-27 

26-30 

25-30 

23-27 

18- 27 

20-30 

19-29 

20-31 

19-30 

28,400-4 9,600 

37,600-57,800 

38,4 00-57,500 

32,300-49,500 

34,700-50,100 

34,100-49,100 

30,600-40,800 

29,200-43,500 

29,600-52,900 

T a b l e  9.2 Arc- je t  operating condi t ions for s tagnat ion enthalpy probe tes ts  

___ 

E x i t  plane 
stagnation 

entha lpy  (B/lb) 

T her ma I 
eff ic iency 

(%I 

Chamber 
pressure 

(torr) 

Vacuum 
pressure 

(torr) 

Power 
input 

(kw) 

Hydrogen 
flow rate 

(Ib/sec x 10 ) 4 

T e s t  no. 

4.46 

4.44 

4.39 

4.44 

4.42 

4.40 

4.38 

4.38 

4.37 

3.47 

3.47 

4.44 

3.62 

3.56 

4.4.1 

3.54 

22.0 

22.0 

25 .O 
23 .O 

23.3 

21.9 

22.0 

22.0 

22.0 

22.0 

28 .O 

22.4 

22.3 

29.0 

22 .o 
21.8 

78.3 

78.2 

80.0 

79.0 

79.5 

78.5 

77.9 

78.8 

79.1 

75.4 

75.6 

79.6 

75.8 

76.0 

79.4 

75.2 

220 

224 

229 

218 

217 

214 

21 1 

212 

2 20 

200 

200 

22 1 

186 

200 

224 

188 

1.10 

1.10 

1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1.10 

0.52 

0.55 

1 .oo 
0.51 

0.55 

1 .oo 
0.51 

106 

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

117 

118 

119 

119 

38,100 

38,300 

44,500 

40,300 

41,200 

38,500 

38,500 

38,800 

39,200 

4 7,000 

59,200 

39,600 

45,500 

60,000 

39,100 

45,100 
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T a b l e  9.3 A r c - i e t  operating conditions for ve loc i ty  meter tes ts  

T e s t  no. 

1 
1 

1 
2 
3 
3 
4 
4 
5 
6 
6 
7 
8 
9 
9 
10 
10 
1 1  

12 
13 
14 
14 
15 

16 

17 
18 
19 
20 
21 
22 
23 
23 
24 
25 
25 
26 

26 

27 

Report A984 * Cecrmber 1964 

Hydrogen 
f low ra te  

(Ib/sec x 10 ) 

4.78 
3.54 
3.54 
3.57 
3.57 
3.57 
3.52 
3.57 
3.48 
3.57 
3.57 
3.51 
3.55 
3.53 
3.54 
3.48 
3.48 
3.43 
3.53 
3.47 
3.51 
3.51 
3.53 
3.53 

3.50 
3.54 
3.56 
3.56 
3.57 
3.55 
3.55 
3.55 
3.55 
3.56 
3.56 

3.56 
3.56 

3.56 

4 

Power 
input 

(kw) 

22.8 
26.9 
26.7 
24.8 
24.9 

23.4 
27 .O 
27.0 
27.0 
27.7 
21.5 
26 .O 
26.2 
26.3 
20.5 
26.0 
20.6 
20.3 
20.6 
20.5 
20.4 
25.5 

20.6 
20.4 

20.4 
20.5 
20.3 
20.4 
2 i  .3 

22.0 
21.6 
26.5 
27.0 
20.6 
27 .O 
20.4 
26.5 

21.3 

Exi t  plane 
stag nation 

enthalpy (B/lb) 

38,300 
53,700 
57,200 
52,500 

52,700 
49,300 
57,700 
57,300 
58,500 
59,100 
46,100 
55,900 
56,100 
56,700 
43,700 
56,600 
33,700 
45,700 
44,500 

43,900 
44,300 
48,400 
48,500 
48,800 
44,909 

47,000 
46,900 
56,200 
57,100 
56,400 
57,400 

43,800 
56,300 

45,600 

Therma I 
ef f  ie iancy 

(%I 
81.4 
72.6 
77.3 
77.5 
77.0 
76.9 
77.0 
77.5 

77.6 
78.3 
78.1 
77.6 
77.9 
78.3 
77.0 
77.8 
77.0 
77.7 
77.8 

77.5 

77.4 
80.0 
80.5 
81 .O 
76.2 

77.5 
78.7 
77.5 
77.5 
77.5 
77.7 
78.0 
77.7 
78.0 

MCDONNELL 

Chamber 
pres sure 

(torr) 

25 1 
260 
215 
210 
211 
207 
216 
2 25 

215 
216 
202 
214 
215 
215 
202 
215 
201 
199 
200 
199 
201 
216 
200 

2 02 

201 
201 
201 
20 1 
188 
191 
191 
203 
206 
191 
206 
190 
206 

180 

Vacuum 
pressure 

(torr) 

1.40 
1.40 
0.70 
0.92 
0.40 
0.38 

0.46 
0.52 
0.44 
0.46 
0.46 
0.44 
0.42 
0.43 
0.42 
0.42 
0.42 
0.43 
0.40 
0.38 
0.38 
0.38 
0.40 

0.42 
0.39 
0.40 
0.45 
0.44 
0.48 
0.45 
0.46 
0.44 
0.43 
0.46 

0.43 
0.44 
0.43 
0.55 
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Thermal  

ef f ic iency 

(XI  

76.7 
75.8 
75 .O 
76.4 
76.8 
75 -3 
75.7 
75.4 
75.9 
75.6 
75 .a 
75 .a 
75.7 

Table  9.3 Arc- je t  operating condi t ions for v e l o c i t y  meter tes ts  (continued) 

Chamber 

pressure 

(torr) 

1 a6 
186 
200 
200 
2 00 
2 00 
200 
1 a6 
200 
187 
191 
197 
200 

58 

L- 

T e s t  no. 

28 
29 
30 
31 
32 
43 
44 
45 
45 
46 
46 
46 
46 

res t  no. 

33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
47 
48 
49 
50 
51 
52 
53 

Hydrogen 

f low rate 

(Ib/sec x 10 ) 4 

3.56 
3.55 
3.57 
3.57 
3.55 
3.57 
3.57 
3.57 
3.57 
3.57 
3.57 
3.57 
3.57 

Power 

input 

(kw) 

22.0 
22.0 
29.4 

29.5 
29.4 
29.5 
29.5 
23.3 
29.2 
22.8 
24.8 
27.9 
29.5 

E x i t  plane 
stagnation 

!nthalpy (B/ lb)  

45,100 
45,700 
60,000 
61,300 
61,700 
60,200 
60,700 
47,900 
60,200 
47,200 
51,300 
57,500 
60.800 

Vacuum 

pres sure 

(torr) 

0.50 
0.45 
0.56 
0.55 
0.53 
0.49 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 

T a b l e  9.4 Arc- ie t  operating condi t ions for Langmuir  probe t e s t s  

Hydrogen 

flow r a t e  
(Ib/sec x 

3.52 
3.48 
3.55 
3.49 
3.53 
3.72 
3.69 
3.69 
3.67 
3.67 
3.50 
3.48 
3.48 
3.48 
3.45 
3.60 
3.60 

Power 
input 

(kw) 

21 .o 
20.8 
22.5 
22.6 
22.7 
23.3 

23.3 
23.2 
23.0 
23 .O 
22.5 
22.8 

22.4 
22.5 
22.7 
23.6 
22.8 

~ 

E x i t  plane 

stag notion 
Enthalpy (B/ lb)  

45,000 
44,900 
47,600 
48,600 
48,100 
47,100 
47,200 

46,800 
47,000 
46,900 
47,900 
48,600 
47,800 
48,100 
48,600 
48,200 
47,200 

Thermal 
ef f ic iency 

(X 1 

77.1 
76.9 
76.7 
76.6 
76.7 
77.0 
76.7 
76.3 

76.5 
76.3 
76.1 
76.2 

75.8 
76.0 
75 .6 
76.0 
76.2 

MCDONNELL 

Chamber 
pressure 

(torr) 

182 
182 
187 
1 a7 

1 a6 
1 a6 
1 a6 

1 a6 

1 aa 

187 

186 

188 

187 
187 
187 
191 
190 

Vacuum 
pres sure 

(torr) 

0.56 
0.55 
0.55 
0.53 
0.58 
0.74 

0.72 
0.72 
0.72 
0.72 
0.47 
0.45 
0.43 
0.42 
0.43 
0.47 
0.47 
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T a b l e  9.4 Arc - ie t  operating condit ions for Longmuir probe t e s t s  (continued) 

T e s t  no. Hydrogen 

flow rote 

(Ib/sec x 10 ) 4 

E x i t  plane 
stagnation 

enthalpy (B/lb) 

Thermal  

ef f ic  iency 

(W) 

Chamber 

pres sur e 

(torr) 

~ 

Vacuum 

pressure 

(torr) 

Power 

input 

(kw) 

22.3 

22.0 

28.1 

29.0 

29.3 

29.1 

29.3 

29 .O 
29 .O 

54 

5 5  

56 

57 

58 

59 

60 

61 

62 

3.60 

3.60 
3.60 

3.60 

3.60 

3.60 

3.60 

3.60 

3.60 

46,700 

46,800 
59,700 

60,400 

60,900 

60,600 

60,900 

60,500 

60,400 

77.2 

77.8 
78.5 

77.1 

77.0 

77.1 

77.3 

77.2 

77.1 

~ 

191 

192 
2 04 
205 

2 05 

2 05 

2 05 

204 

204 

0.45 

0.45 

0.45 

0.47 

0.45 

0.45 

0.45 

0.45 

0.45 

Table 9.5 Sample data for enthalpy probe tests 

Table 9.5 i s  a tabulation of the measurements 
obtained with the total enthalpy probe for a typical 
exi t  plane profile. 

tion are the hydrogen pressure and temperature be- 
fore the sonic flow nozzle, three cooling water flow 
ra t e s  and the corresponding three cooling water 
temperature differentials. The total enthalpy i s  
then calculated from these measurements. 

4 

The measurements taken at each  radial posi- 

The data  in Table 9.5 refer to  Tes t  118 and 
the following conditions: 
Exit  flow nozzle diameter 
Hydrogen flow rate 3.56 x lb / sec  
Vo 1 tage 141 volts 
Current 205 amps 
Power input 29 kw 
Efficiency 76% 
Exit  plane stagnation enthalpy 60,000 B/lb 

0.171 inches 

T--r ( O R )  (Ib/sec) ( O R )  

Gl  
(Ib/sec) 

pm 
(PSiO) 

0.230 

0.230 

0.023 

0.221 

0.1 91 

0.135 

Tm 
(OR)  

836.2 

750.0 

861.7 

861.7 

861.7 

785.6 

mH2 
(I b /sec ) 

2.51 

2.41 

2.35 

2.26 1 o - ~  
1.96 

1.42 x 

w 3  
( Ib/sec)  ( inches)  

-0.2 

-0.3 

-0.4 

-0.5 

0.0369 

0.0253 

0.0253 

0.0253 

0.0261 

0.0466 

0.0470 

0.0433 

0.0361 

0.0272 

0.0198 

0.0198 

27 

27 

25 

23 

19 

14 

79,000 

65,600 

48,600 

26,700 

0.0239 

0.0247 

0.0247 

0.0555 

R 

Pm 

Tm 

AH 

= rad ia l  position above orc-jet centerline 

= pressure before sonic flow nozz le  

= temperature before sonic f low nozz le  

= hydrogen flow rate through probe obtoined 
from P m / G  cal ibrat ion curve of flow 
nozz le  

W = cooling water  f low rate 

AT = temperature r i s e  of cooling water 

( W I A ~ l  + ;.+IT, + W 3 A ~ 3 )  
stagnation - - 

’ enthalpy 
hs = 

r n  
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